Fetal arterial mechanics in health and disease: Intrauterine Growth Restriction (IUGR) and Preeclampsia (PE) biomechanical changes in vascular development by Dodson, Reuben Blair
University of Colorado, Boulder
CU Scholar
Mechanical Engineering Graduate Theses &
Dissertations Mechanical Engineering
Spring 1-1-2012
Fetal arterial mechanics in health and disease:
Intrauterine Growth Restriction (IUGR) and
Preeclampsia (PE) biomechanical changes in
vascular development
Reuben Blair Dodson
University of Colorado at Boulder, reuben.dodson@colorado.edu
Follow this and additional works at: http://scholar.colorado.edu/mcen_gradetds
Part of the Biophysics Commons, Physiology Commons, and the Structural Biology Commons
This Dissertation is brought to you for free and open access by Mechanical Engineering at CU Scholar. It has been accepted for inclusion in Mechanical
Engineering Graduate Theses & Dissertations by an authorized administrator of CU Scholar. For more information, please contact
cuscholaradmin@colorado.edu.
Recommended Citation
Dodson, Reuben Blair, "Fetal arterial mechanics in health and disease: Intrauterine Growth Restriction (IUGR) and Preeclampsia
(PE) biomechanical changes in vascular development" (2012). Mechanical Engineering Graduate Theses & Dissertations. Paper 40.
Fetal arterial mechanics in health and disease: Intrauterine
Growth Restriction (IUGR) and Preeclampsia (PE)
biomechanical changes in vascular development
by
Reuben Blair Dodson
B.S., Oklahoma Christian University, 2006
M.S., University of Colorado at Boulder, 2010
A thesis submitted to the
Faculty of the Graduate School of the
University of Colorado in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
Department of Mechanical Engineering
2012
This thesis entitled:
Fetal arterial mechanics in health and disease: Intrauterine Growth Restriction (IUGR) and
Preeclampsia (PE) biomechanical changes in vascular development
written by Reuben Blair Dodson
has been approved for the Department of Mechanical Engineering
Virginia L. Ferguson,Ph.D.
Kendall S. Hunter, Ph.D.
Date
The final copy of this thesis has been examined by the signatories, and we find that both the
content and the form meet acceptable presentation standards of scholarly work in the above
mentioned discipline.
IRB protocol #1007.16, 06-1159
iii
Dodson, Reuben Blair (Ph.D., Mechanical Engineering)
Fetal arterial mechanics in health and disease: Intrauterine Growth Restriction (IUGR) and Preeclamp-
sia (PE) biomechanical changes in vascular development
Thesis directed by Prof. Virginia L. Ferguson,Ph.D.
Preeclampsia (PE) is a maternal disease of pregnancy, which affects up to 5-10% of all preg-
nancies. Intrauterine growth restriction (IUGR) is commonly seen by itself or with preeclampsia
and affects up to 8% of pregnancies. These common complications of pregnancy are associated
with both acute and chronic complications for the fetus and newborn. Studies have consistently
shown that children whose mothers experience maternal complications during gestation are de-
velopmentally programmed for cardiovascular disease later in life. The work in this dissertation
aims to better understand the impacts of maternal disease-induced fetal programming on vascular
compliance, blood flow and blood pressure within the fetal circulation at term. Specifically, the
overarching aim of this dissertation is to assess potentially detrimental fetal arterial tissue alter-
ations in IUGR and PE. To our knowledge, this is the first examination of the systemic effects of
both IUGR and PE on fetal vascular compliance and its contribution to hemodynamics− an area
which until recently was neglected. Compliance changes in the human umbilical artery are asso-
ciated with adult hypertension; however, no study has established if this effect is due to systemic
vascular compliance changes in association with maternal disease. Therefore, this work provides
an important step towards understanding the systemic vessel formation in both control fetus and
the PE and IUGR fetus. We aim to elucidate the imprinting role that PE and IUGR plays on car-
diovascular development and provide a model that can translate to a clinical setting for predicting
the severity of maternal disease-induced vascular changes in the human fetus.
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Chapter 1
Motivation and Specific Aims
Cardiovascular anatomy and physiology encompasses one of the largest fields of research
due to the high incidence of cardiovascular disease. Research in this field typically begins at the
onset of disease and tries to understand its progression in alteration of the cardiovascular structure
and function. While research continues to find that factors such as lifestyle and genetics are
significant contributors of cardiovascular disease, new research has shown that events in utero also
play an important role. Epidemiological evidence consistently indicates that small for gestational
age infants are at a higher risk level for developing adult cardiovascular disease [6, 34, 86, 123,
149]. However, the mechanisms linking epidemiologic fetal developmental origins with adult-onset
cardiovascular disease remains incompletely understood with more research needed to understand
vascular development in health and disease.
Preeclampsia (PE) is a maternal disease of pregnancy, which affects up to 5-10% of all
pregnancies. Intrauterine growth restriction (IUGR) is commonly seen by itself or with preeclamp-
sia and alone affects up to 10% of pregnancies. These common complications of pregnancy are
associated with not only acute complications for the fetus and newborn such as increase peri-
natal mortality, indicated preterm delivery, preterm complications, neonatal encephalopathy, and
metabolic disturbances, but also long-term sequelae such as cerebral palsy, childhood obesity, dia-
betes, cardiovascular disease and death from coronary artery disease. Ovine models of IUGR have
revealed alterations in placentation that yield significant increases in placental organ blood flow
resistance, fetal blood pressure and flow pulsatility within the fetus [43, 56, 57, 111]. In humans,
2non-invasive measurements using Doppler ultrasound have shown changes in hemodynamics in PE
fetuses [111, 121, 143, 151, 166]. In adults and adolescents, such changes have been strongly associ-
ated with an extensive list of problems including increased vascular impedance indicating increased
cardiac workload [85, 88, 133, 136].
PE and IUGR share common features including poor placentation and altered hemodynamics.
We have found in recent clinical studies that the vascular compliance of human umbilical arteries is
chronically decreased in PE due to changes in umbilical artery extracellular matrix structure (ECM)
[135]. Thus, PE in the human UA yields ECM changes similar to those seen in adult and adolescent
hypertensive disorders [40, 93, 128]. Observational studies have begun to establish that children
whose mothers experience maternal complications and who were small for gestational age at birth
are developmentally programmed for cardiovascular disease later in life [6, 34, 86, 123, 100, 104,
106, 108, 110, 123, 130, 149] Recent studies of both systemic and pulmonary hypertension have
found that vascular compliance is a significant contributor to the progression of cardiovascular
diseases [11, 35, 72, 79, 85, 88, 133, 136] . Given the established links between (a) PE/IUGR
and decreased UA compliance [16, 134], (b) decreased compliance and increased cardiac workload
[85, 88, 133, 136], and (c) maternal disease and increased risk of cardiovascular disease in adulthood
[6, 34, 86, 100, 104, 106, 108, 110, 123, 130, 149], we hypothesize that fetal hypertension
in PE and IUGR fetuses result in chronically decreased vascular tissue compliance
throughout the fetal systemic circuit.
This dissertation aims to better understand the impacts of maternal disease-induced fetal
programming on vascular compliance, blood flow and blood pressure within the fetal ovine circu-
lation at term. Specifically, this study focuses on the fetal arterial system in IUGR and PE. To
our knowledge, this would be the first in-depth study the systemic effects of both IUGR and PE
on fetal vascular compliance and its contribution to hemodynamics, an area which until recently
was neglected. Compliance changes in the human umbilical artery are associated with adult hyper-
tension [16]; however, no study has established if this effect is due to systemic vascular compliance
changes in association with maternal disease. Therefore, this work will provide an important step
3towards understanding the systemic vessel formation in both the control fetus and PE and IUGR
fetus. We aim to elucidate the imprinting role that IUGR plays on cardiovascular development
and provide a model that can translate to a clinical setting for predicting the severity of maternal
disease-induced vascular changes in the human fetus. Thus, the specific aims for this study are:
1.1 Specific Aims
(1) Aim 1
Hypothesis: Fetal hypertension induces systemic artery stiffening (decreased
compliance) and vascular remodeling in the fetal ovine model of IUGR.
Approach: Use mechanical testing to compare vascular compliance in (a) arteries from con-
trol fetal ovine model and (b) from arteries in IUGR fetal ovine model. Measure control and
IUGR arteries to assess ECM composition and image dimensional, structural orientation
and architecture.
(2) Aim 2
Hypothesis: Altered arterial fiber orientation contributes to the reduced sys-
temic arterial compliance.
Approach: Develop a constitutive model to understand the role of fiber orientation and
structure to the vessel mechanics.
(3) Aim 3
Hypothesis: Preeclampsia a disease that only occurs naturally in humans in-
duces systemic artery stiffening (decreased compliance) and vascular remodel-
ing that can be studied through examination of the umbilical artery.
Approach: Use uniaxial mechanical testing to compare vascular compliance in (a) umbilical
arteries from control and (b) from umbilical arteries in PE infants. Measure control and
PE umbilical arteries to assess ECM dimensional, structural orientation and architecture.
Chapter 2
Background Information
2.1 Cardiovascular Physiology
Figure 2.1: Arterial elastic reservoir, Windkessel effect, storing potential energy for forward flow
during diastole.
2.1.1 Physiological Function of the Arterial System
The arterial system is an often neglected, important component of the cardiovascular system.
The arteries play a critical and active role in delivering blood to the body. The arteries serve an
important functional role rather than serving as passive conduits through which blood passes. The
physiologic function of arteries is to convert the pulsatile flow of the heart to a steady flow through
the capillaries. Degradation of this function can lead to various forms of cardiovascular disease,
which is the largest cause of death in the Western world [149].
5Figure 2.2: Blood pressure relationship to location in the cardiovascular system [92].
6Figure 2.3: (a) Vessel diameter relation to location in vascular tree. (b) Total vessel cross-sectional
area relationship to location in vascular tree. (c) Average blood pressure relationship to location
in vascular tree. (d) Velocity of blood flow relationship to location in vascular tree [92].
7The heart is an intermittent pump, which discharges blood flow only during systole. In hu-
man, the heart has pressure fluctuations between 120 mmHg at systole and 5 mmHg at diastole
in the left ventricle [37]. Part of the energy to flow is imparted during the systole cycle and the
remainder is stored in the large artery walls as potential energy due to elastic wall stretching, or
Windkessel effect, Figure 2.1. During diastole, the elastic recoil of the large arteries converts the
elastic reservoir, Windkessel effect, into capillary flow. For example, in humans the systolic/diastolic
pressure range in the left ventricle is 120/5 mmHg whereas it is 120/80 mmHg in the aorta. There-
fore, artery distensibility plays an important physiologic function in promoting continuous laminar
flow in the organ beds, lowering resistance to flow and minimizing the oscillations in systolic and
diastolic blood pressures, or pulsatility [37, 136].
While the cardiovascular system function is quite complex, three basic principles guide the
underlying function. First, blood flow to each tissue is almost always proportional to the tissue
needs. Microvessels of each tissue monitor the tissue needs, such as the availability of nutrients
and accumulation of waste products, and these capillary beds control the local blood flow very
precisely by regulating tissue resistance to the level required for tissue activity. Second, cardiac
output is regulated mainly by the local tissue hemodynamics. The heart responds to returned flow
from a tissue by pumping almost proportionally the same blood volume back into the tissue from
which it came, responding the to needs of the tissue. Third, generally blood pressure is controlled
independently of either local blood flow control or cardiac output. Blood pressure is regulated
through a barrage of nervous reflexes to accumulate blood capacitance in the arterial system in
the short-term, while the kidneys play a role in long-term (hours and days) regulation [55]. The
importance of blood pressure control regulation is that it prevents blood flow in one part of the
body from negatively affecting blood flow in another part due to the common pressure shared by the
cardiovascular system is not allowed to change greatly. However, the close tie to pressure changes
in the tissue-level needs in one area can disrupt or cause a remodeling of the cardiovascular system
to accommodate blood flow across the system. This remodeling to accommodate blood pressures
and flow may still exist even if the need is corrected on the tissue level.
8Flow through a blood vessel is determined entirely by two factors: (1) the direct proportion
of the pressure difference between the entrance and exit of the vessel, and (2) the inverse proportion
of the opposition to blood flow through the vessel, called vascular resistance. Flow through a vessel
can be found through a simple calculation, which is analogous to Ohms Law (I = V/R):
Q =
∆P
R
(2.1)
in which Q is blood flow, ∆P is the pressure difference (Pentrance − Pexit) between the two ends
of the vessel, and R is the resistance [55, 101]. The physical properties of the total cardiovascular
system determine the pressure gradient required to produce a given flow. However, it should also be
recognized that the difference in pressure between the ends of the individual vessel, not the absolute
pressure, determines the rate of flow. Ohms Law generalizes the important yet complex relationship
between flow, pressure and resistance, which is important in understanding the hemodynamics in
the cardiovascular system.
2.1.2 Blood Flow
Blood flow means simply the quantity of blood that passes a point in circulation at a given
time. In an average adult human at rest, the over blood flow in the circulation is about 5000
ml per minute [55]. This is also called cardiac output because it is the amount of blood pumped
by the heart over a period of time. By comparison the human fetus at 36 weeks gestation, the
cardiac output is approximately 480 ml per minute per kilogram of weight [66] and approximately
equivalent in the near-term sheep [8]. Therefore, in the small for gestational age infants, or those
affected by growth restriction, the cardiac output can be reduced. Factors in the reduction of
cardiac output by weight are changes of pressure and systemic resistance due to size.
When blood flows at a steady rate in a long, smooth vessel, it flows in streamlines, with each
layer of blood the same distance from the wall. The central portion of the blood flow stays in the
center of the vessel. This type of flow is referred to as laminar flow. The opposite of laminar flow
is turbulent flow, in which blood is flowing in all different directions and continually mixing in the
9vessel. In laminar flow, a parabolic velocity profile exists, with the velocity of the flow in the center
being greater than that of the outer edges. The diameter of the vessel plays an important role in
blood flow with smaller vessels creating greater friction and reduction to blood flow.
2.1.3 Blood Pressure
Blood pressure is the driving mechanism or force that creates blood flow. Blood flow is
created by a pressure gradient, flowing from areas of high pressure to that of lower pressure. For
circulation to occur, the pressure must be sufficient to overcome the total peripheral resistance.
Blood pressure decreases further away from the heart. Arterial blood pressure is responsible for
maintaining consistent blood flow through the capillary beds at the tissue-level. Blood pressure is
closely tied to tissue function with microvascular remodeling leading to hypertension.
In mammals, high pressure is created when the heart contracts. Blood flows out of the heart
into the closed loop of blood vessels. As blood moves through the system, pressure is lost through
friction and resistance between the fluid and the blood vessel walls, Figure 2.1. The highest pressure
is found in the aorta and systemic arteries as they receive blood from the left ventricle. The energy
stored in the elastic reservoir in the stretched systemic arteries during diastole helps maintain
pressure and promote forward flow to the capillaries. Blood pressure increases in the thoracic
and abdominal aorta due to pressure wave reflections from peripheral, or tissue, terminations.
Pressures in the abdominal and femoral arteries can be significantly higher as a result of forward
and reflected waves. The arterial mechanics at these locations are important due to the higher
stresses experienced. For example, abdominal aortic aneurysms increase in frequency may be in
part to contribution of wave reflection [75]. Therefore, there is a need to understand the mechanical
contribution of reflected waves and arterial compliance in cases of organ and tissue-level dysfunction,
such as PE and IUGR.
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2.1.4 Cardiovascular Resistance
Opposing blood flow in the cardiovascular system is resistance. Of all the forms of resistance,
vascular resistance is the largest contributor. The biggest factor in vascular resistance is friction
between the blood and the vessel wall and is determined by vessel geometry. Jean Lenard Marie
Poiseuille derived what has become known as Poiseuilles Law, which describes the ratio of pressure
gradient to flow is a function of the dimensions of the tube and viscosity of the moving fluid. For
fluid flowing a tube, the resistance (R) is influenced by geometry: the length of the tube (L), the
radius of the tube (r), and the viscosity of the fluid flowing through the tube (η). Poiseuilles law
relates these geometric factors to resistance (R) by:
R =
8ηL
pir4
(2.2)
Vessel length (L) increases resistance through increased surface area. Length has the most dra-
matic increase between birth and maturity, Figure 2.1 [92]. Vessel radius (r) effects of friction act
in primarily the narrow zone near the wall. In small vessels, nearly all blood slowed by friction
and resistance increases. In large vessels, center flow does not encounter wall friction and therefore
resistance decreases. Radius (r) has the largest influence on resistance due to the quadratic relation
(R ∝ 1/r4). On day-to-day activity, the cardiovascular system cannot regulate resistance through
length changes, but vessel diameter can be regulated to change pressure and flow. Clinical eval-
uation of vascular and organ resistance have proved successful in identifying disease progression.
For example, in pulmonary vascular resistances that are 10 or more times the normal average are
found in some disease states [101]. In fetal life, the placenta is a unique organ to the cardiovascu-
lar system. Maternal diseases have shown to alter vascularity in the placenta, but its role in the
hemodynamics is understudied.
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Figure 2.4: Distribution and divisions of blood flow in the circulatory system [55].
Figure 2.5: The anatomy of the mature placenta [55].
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Figure 2.6: Anatomy of fetal circulation [55].
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Figure 2.7: Distribution of arteries and veins in the cardiovascular system [92].
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2.2 The Distribution of Blood Vessels: Anatomy of Arterial System
2.2.1 Adult Circulation (Figure 2.2)
2.2.1.1 Systemic Arteries
The circulatory system is separated into the systemic circulation and the pulmonary circula-
tion in postnatal circulation, Figure 2.2. The lower pressure pulmonary circulation carries blood to
the lung where CO2 is removed and fresh O2 is added. Oxygenated blood is pumped through the
heart to the higher-pressure systemic circulation where it is delivered to the organ systems. Artery
diameter gradually decreases from the heart to the periphery. However, the total cross-section
area increases flowing away from the heart due to increase arterial number and branches. This
leads to decreased blood flow and pressure, Figure 2.1. The change in flow and pressure leads to
a functional specialization in arterial structure, creating a change in thickness and microstructure
down the arterial tree.
2.2.2 Fetal Circulation (Figure 2.2)
The fetal cardiovascular system has a specialized anatomy and physiology to accommodate
nutrition and oxygenation received from the mother. The highly specialized fetal cardiovascular
system has received little study in understanding the biomechanics in comparison to the adult
system. Circulation begins when the human heart begins beating during the fourth week following
fertilization, contracting at a rate of about 65 beats per minute. The heart rate increases steadily
as the fetus grows and reaches a rate of approximately 140 beats per minute. During this period
of rapid growth and development, the arterial structure must rapidly change to accommodate the
functional needs that are occurring so quickly [55].
2.2.2.1 Placental Function
The placenta is a specialized organ in the fetus. Its major function is providing diffusion of
nutrients and oxygen from the mothers blood into the fetuss blood and also diffusion of excretory
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products and carbon dioxide from the fetus back to the mother. Therefore, the development of
the capillary bed is critical in allowing permeability and total membrane diffusion conductance of
the placental membrane. The capillary bed development is also important to minimize blood flow
resistance through the placenta maintaining normal fetal blood pressure. In the early development,
the placental membrane is still thick because it is not fully developed, which causes low permeability.
In addition, the surface area is also small because the placenta simply has not grown significantly.
This causes the total diffusion and conductance to be low. In late gestation, the permeability
should increase due to thinning of the membrane diffusion layers and the increase surface area due
to growth, thus allowing increased conduction.
The structure of the placenta develops with the trophoblastic cords from the blastocyst at-
taching to the uterus and blood capillaries grow into the cords from the vascular system of the
embryo. By the sixteenth day of fertilization, blood flow begins through these vessels. Simultane-
ously, on the mothers side the blood sinuses supplied with blood develop around the trophoblastic
cords. The trophoblastic cells produce more and more projections, which become placental villi
into which fetal capillaries grow. The villi carry fetal blood and are surrounded by the sinuses
containing maternal blood. The final placental structure is illustrated, Figure 2.2. In humans, the
fetuss blood flows through two umbilical arteries, then to the capillaries of the villi and then flows
back through the umbilical vein to the fetus. At the same time, the mothers blood flows through
the uterine arteries into the large maternal sinuses surrounding the villi and the back into mother
through the uterine veins [55].
The total surface area of all the villi of the mature placental is only a few square meters,
many times smaller than that of the pulmonary membrane. Even at full maturity the placental
membrane is still several cell layer think and the minimum distance between the maternal blood
and the fetal blood is 3.5 microns, almost ten times the distance of the alveolar membranes of the
lung. Regardless, many nutrients and other substances can diffuse through the placental membrane.
A reduction in placental membrane area and change in diffusion is thought to lead to placental
insufficiency causing intrauterine growth restriction (IUGR) and/or preeclampsia. The vascular
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development on both the maternal and fetal sides of the placenta is thought to contribute to
disease, but the mechanism is not understood.
2.2.2.2 Specialized Circulation: the Heart and Great Vessels
Specific anatomical vascular structure exists to accommodate life in utero, Figure 2.2. Since
the lungs are mainly nonfunctional in utero and the liver is only partially functional, the heart does
not pump much blood through either organ. However, the fetal heart must pump large quantities of
blood through the placenta. Therefore, specialized anatomical features must exist to allow the fetal
circulation to function differently than postnatal. Blood returning from the placenta through the
umbilical vein flows through the ductus venosus, mostly bypassing the liver. The blood then mostly
flows into the right atrium from the inferior vena cava and is directed in a straight pathway across
the posterior aspect of the right atrium through the foramen ovale directly into the left atrium.
This allows well-oxygenated blood from the placenta to enter the left side of the heart, rather than
the right side, and is pumped by the left ventricle mainly into the arteries directed towards the
extremities. Blood coming from the head region enters the right atrium from the superior vena cava.
The blood flows downward through the tricuspid valve into the right ventricle. It is pumped from
the right ventricle into the pulmonary artery, then mainly through the ductus arteriosus into the
descending aorta and through the two umbilical arteries into the placenta, where the deoxygenated
blood becomes oxygenated. In humans, the blood flow in terms of relative percentages of total
blood pumped by the heart the placenta receives 55 percent of the cardiac output leaving the other
45 percent of the blood to pass through all the tissues of the fetus. The fetal lungs receive only 12
percent of the blood flow, but after birth they receive almost all the blood, a large increase [55]. In
the case of PE and IUGR, blood flow to the placenta is reduced and systemic blood flow is directed
to the critical organs first, i.e. the brain, heart and adrenal glands. This redistribution allows the
fetus to spare the vital organs from oxygen and nutrient deficiency allowing for maintained growth
and function of these critical organs. These hemodynamic adaptations are part of the fetal adaptive
response that may lead to postnatal development of cardiovascular disease [8].
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2.2.2.3 Cardiovascular Changes at Birth
Two primary changes occur to the circulatory system at birth. First, the placenta is no
longer functional and is terminated. Since 55 percent of the blood is no longer flowing to the
placenta, the blood is diverted to systemic organs increasing the systemic vascular resistance, by
two fold, at birth. This causes increases in the aortic pressure as well as the pressures in the left
ventricle and left atrium. Secondly, the pulmonary vascular resistance greatly decreases as a result
of lung expansion. In utero, the fetal lungs are unexpanded, compressing the blood vessels because
of the small lung volume. As soon as the lung expands, the vessels are no longer compressed
allowing the resistance to blood flow to decrease. Also, in fetal life the hypoxia of the lungs leads
to considerable tonic vasoconstriction of the lung blood vessels. However, vasodilation takes place
when aeration of the lungs eliminates the hypoxia. These changes together reduce the resistance
to blood flow through the lungs, as much as five fold, and reduces pulmonary arterial pressure, the
right ventricular pressure and right arterial pressure [55]. However, cardiovascular redistribution of
flow and functional adaptations, such as in PE and IUGR, may alter the neonatal transition and
cardiovascular development predisposing these individuals to cardiovascular disease.
2.3 The Anatomy of Blood vessels
2.3.1 Arterial Types
2.3.1.1 Elastic Arteries
Elastic arteries are the largest arteries closest to the heart, approximately larger than 2.5
cm (1 in) in diameter, Figure 2.2. They include the pulmonary trunk, aorta, common carotid,
subclavian, and common iliac arteries. The elastic arteries transport a large volume of blood
away from the heart. The walls are extremely resilient due to the high density of elastic fibers
and relatively few smooth muscle cells. The passive elasticity allows expansion during high blood
pressure and contraction under heart relaxation. The elastic reservoir, or Windkessel effect, stores
energy dampening the pressure oscillations allowing continuous blood flow.
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Figure 2.8: Arterial structural layers and composition redrawn based on Holzapfel 2000 [59].
19
Figure 2.9: Stresses on wall structural layers and composition based on Holzapfel 2000 [59].
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2.3.1.2 Muscular Arteries
Muscular arteries are medium diameter vessels located closer to the heart, Figure 2.2. They
include external carotids, brachial, mesenteric, and femoral arteries. Muscular arteries are re-
sponsible for distributing to skeletal muscles and internal organs. They regulate blood flow by
vasoconstriction or vasodilation through smooth muscle cell tone. The typical lumen diameter
varies from 0.4 cm to 0.5 mm.
2.3.1.3 Arterioles
Arterioles are responsible for feeding capillary beds of organs and tissues, Figure 2.2. They
are characterized with a small lumen, typically < 30 µm, and a thick muscular wall to control
peripheral resistance. The arterioles have a poorly defined adventitia. The arteriole media layer
consists of 1-2 layers of smooth muscle cells with the smallest arterioles containing scattered smooth
muscle cells that do not form a complete layer. The elevated tone of smooth muscle cells increases
arterial pressure and the relaxation tone decreases arterial pressure.
2.3.2 Structure of Arteries
The arterial wall is a composite structure divided into three layers, or tunics: the intima,
media and adventitia. Each layer has a unique structure that contributes to a specific function.
All arteries share a very similar composition although the proportions will change the further away
from the heart, with the arteries becoming more cellular further downstream.
2.3.2.1 Intima
The intima is the innermost layer of the artery in contact with the blood and bounded by the
basal lamina, or internal elastic lamina, Figure 2.3. It consists of a single layer of endothelial cells
and the underlying basal lamina composed of a type IV collagen mesh associated with adhesion
molecules fibronectin and laminin. The intima acts as a non-clotting interface and a gateway for
transport to and from the blood stream. The endothelial cells of the intima are very biologically
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active changing in response to chemical and mechanical stimuli. Also present is a sub-endothelial
layer whose thickness varies with topography, age and disease. The normal intima, found in healthy
young muscular arteries, contributes very little structurally to the wall because it is so thin. The
intima thickens and stiffens with age (arteriosclerosis) increasing the mechanical contribution.
2.3.2.2 Media
The media is the middle layer of the artery found between the internal elastic lamina that
lines the intima and the much less prominent external elastic lamina next to the adventitia, Figure
2.3. The media layer consists of a complex network of smooth muscle cells, fenestrated sheets of
elastin (elastic laminae) and bundles of collagen fibers. The fenestrated elastic laminae separate
the media into varying number of well-defined concentrically fiber-reinforced medial layers [47].
The medial elastin is woven into a three-dimensional, interconnected lamellar network designed to
transfer stress throughout the vessel wall. In between the lamellar layers are bundles of collagen
fibers connecting the layers. At low pressures the collagen bundles show no arrangement but as
pressure increases the fibers align circumferentially [154]. The medial elastin acts as a reservoir
and distributes the stress evenly throughout the wall. The number of lamellar units, the elastin
and the adjacent smooth muscle cell, in a vascular segment is related linearly to the tensional
force within the wall, essentially a constant 2 N/m per LU [69, 107]. The lamellar units found in
a particular vascular segment does not change after birth [154]. The elastin, bundles of collagen
fibers and smooth muscle cells form a continuous fibrous helix [47]. Polarized light microscopy has
revealed that collagen, consisting of 30% type I and 70% type III, and the smooth muscle cells
in the media are consistently circumferentially and coherently aligned [18, 38]. This structural
arrangement allows the media to carry high loads in the circumferential direction.
2.3.2.3 Adventitia
The adventitia is the outermost layer of the artery and is composed of a collagen-rich ECM,
Fibroblasts and fibrocytes, and histological ground substance, Figure 2.3. The thickness of the
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adventitia depends strongly on the function of the artery and the systemic location. The collagen
fibers, mostly of type I, are arranged within the ground substance and form a fibrous substance.
Polarized light microscopy has shown the collagen fibers form two helically arranged families of
fibers, with a large distribution of collagen fiber orientations from their mean orientation [18, 38].
The adventitia collagen content contributes significantly to the strength and stability of the arterial
wall. The high collagen content found in the adventitia helps prevent vascular rupture at extremely
high pressures [17]. In an unstressed state, the collagen fibers are embedded in a wavy form in the
ground substance, which causes the media to be stiffer than the adventitia. However, at significant
levels of strain the collagen fibers become engaged, or straightened, and the mechanical response
of the adventitia stiffens, preventing the artery from overstretching and rupturing [47].
2.3.3 Arterial Functional Composition
2.3.3.1 SMC and ECM (elastin, collagen, and ground substance)
Arterial biomechanics is a growing field in medicine, adding comprehension to how biological
tissue responds to physiological changes in forces, or stresses. The arterial wall experiences shear
stress (τθ) due to fluid/structure interaction and circumferential stress (σθ) and axial stress (σz)
due to Windkessel elastic deformations, Figure 2.3. Arterial biomechanics of the larger conduit
arteries in the systemic circulation depend largely on the ECM constituents: elastin provides vessel
compliance at low pressures, collagen gives tensile resistance at high pressures, and smooth muscle
tone contributes in a dynamic fashion to vessel elasticity and deposit ECM molecules that define
the compliance. Endothelial cells provide communication with flowing blood and the artery wall
describing the wall shear stresses. The passive constituents of elastin and collagen provide the major
structural elements in the viscoelastic compliance, and therefore provide the structural framework
against which myocontractile activity occurs. Elastin is an important evolutionary adaptation
in invertebrate animals allowing high pulsatile pressures of the closed circulatory system [157].
Deficiency can lead to higher blood pressure and pulsatility. The elastin rate of synthesis is highest
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in utero and during infancy; it falls rapidly there after with a half-life of approximately 40 years [129,
157]. Therefore, events affecting elastin synthesis could have life-long effects. Recent morphological
studies in mice have shown that arterial changes occur in the last few days before birth [157].
Researchers have argued that in fetuses whose growth is impaired, the synthesis of elastin in the
walls of the aorta and large arteries may be deficient, thus leading to permanent changes in the
biomechanical properties of these vessels and predisposing an individual to cardiovascular disease
[93]. A study of the human umbilical arteries in IUGR has revealed lower elastin organization
contributing to the thinner and stiffer arterial walls [16, 162]. The umbilical arterial wall experiences
an increase in mechanical loading and enhanced collagen production, which is 100-1000 times stiffer
than elastin [16, 163]. Further, ECM collagen content is increased in human IUGR umbilical
arteries as compared to AGA [70]. In human preeclampsia, the remodeling of the umbilical artery
ECM has been well documented. The preeclamptic umbilical artery experiences an accumulation
of collagen, reduced elastin content and thickening of the vessel walls with smooth muscle cell
migration [3, 4, 44, 53, 67, 114]. Reduced availability of matrix metalloproteinases (MMPs) to
degrade collagen may contribute to the altered collagen-elastin ratio in preeclampsia [44]. While
these changes point to altered compliance in preeclampsia, it has yet to be studied in detail.
Increased vessel stiffness is a complex interplay of functional and structural contributions that
determines vessel compliance. Thus, the biochemical orientation, concentration and organization
of the ECM contribute to arterial biomechanical function. This work is an exploration of elastin
and collagen remodeling due to maternal diseases in PE and IUGR model is the first step in
understanding the long-term impacts of HDP on cardiac disease, and will add to the increasingly
large body of literature that has found arterial stiffening a critical, but frequently ignored, part of
disease progression [29, 32, 49, 79, 82, 84, 102, 116, 145].
2.3.3.2 Endothelial Cells
The luminal surfaces of arteries in large vertebrate animals are lined with endothelial cells.
Vascular endothelial cells provide an interface between the artery wall and blood flow. Endothelial
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cells are interconnected with both tight occluding junctions, which regulate the transport of sub-
stances across the endothelium, and in-plane gap junctions, which allow cell-to-cell communication
via the transport of ions and metabolites. Endothelial cells assist with maintaining blood fluidity
through providing a smooth, non-thrombogenic surface that minimizes blood clots. Endothelial
cells serve as the primary sensor of wall shear stress for the transduction of mechanical forces at
the vessel wall [138]. Wall shear stress has been shown to modulate endothelial cell structure,
such as size, shape and cytoskeletal makeup in response to hemodynamic loads [63]. Wall shear
stress has also been shown to regulate expression of genes through several signaling pathways in-
cluding production of vasoactive molecules (e.g., NO, ET-1), growth regulatory molecules (e.g.,
PDGF, FGF), cytokines (e.g., IL-1,6) and adhesion molecules (e.g., vascular cell adhesion molecule
VCAM-1, monocyte chemotactic protein MCP-1) [26, 89].
In the developing fetus, endothelial cells play a major role in defining the embryonic vascular
pattern and in recruiting SMC to the vascular wall from the surrounding mesenchyme and/or
cardiac neural crest [9, 120, 144]. Endothelial cells produce and attach to a basal lamina that
consists largely of net-like type IV collagen, the adhesion molecules laminin and fibronectin, and
some proteoglycans [63]. This provides some structural support, but mainly acts as a meshwork
for the endothelial cells to attach. The basal lamina is thought to either be supported by the
internal elastic lamina (IEL) or provides a separation [156]. The endothelial cells and subendothelial
area on the luminal side of the IEL form the intima region of the vessel wall. Endothelial cells
contain the ability to create elastin suggesting that they contribute to the formation of the IEL
[19, 21, 25], which may be in response to signals from the medial cells [98]. There is also vast
literature that supports the important role of blood flow and endothelial cell in vascular remodeling
[1, 14, 73, 76, 87, 117, 150]. The endothelial cells are participants in vascular remodeling through
flow-mediated (e.g., shear stress) release of vasoactive autacoids such as nitric oxide, endothelium-
derived hyperpolarizing factor, prostaglandins and growth factors. Ultimately the endothelial cells
through signaling processes collectively influence the vascular smooth muscle function and ECM
function and structure of the vessel wall [91].
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2.3.3.3 SMC
Smooth muscle cells (SMC) are spindle-shaped, typically 100 µm long by 5 µm diameter,
oriented helically in almost the circumferential direction in the vessel wall. SMC allow a dy-
namic change in the vascular compliance, which regulates vascular resistance and capacity, through
increasing or decreasing luminal diameter and circumference. Vasoconstriction decreases elastic
modulus (e.g., increases distensibility) because of diameter reduction and wall thickening. How-
ever, SMC seem to contribute very little to the large artery elastic properties, unlike in the smaller
muscular resistance vessels. For example, when rendered nonfunctional by KCN poisoning applica-
tion, SMC are highly distensible (up to 150% elastic modulus, 51 kPa) and the arterial distensibility
curves as well as circumferential elastic modulus are not or only slightly modified (slight relaxation)
[37]. Endothelial cells at the blood-wall interface produce and secrete a variety of molecules inducing
constriction or relaxation of SMC, initiating active vasoconstriction or vasodialation.
The SMC major function is to synthesize and organize the unique extracellular matrix (ECM)
responsible for the mechanical properties of the artery wall. In order to accomplish this, the SMC
must be able to recognize and translate mechanical signals. The mechanical signals include forces
and deformations imparted by blood flow and pressure, as well as the forces generated by the vessel
and surrounding tissue during development. Stress, defined as the force acting over an area, can be
calculated from the forces to account for changes in vessel geometry and make comparisons between
different vessels and across species. The stresses acting on the vessel wall include the shear stress
from blood flow across the luminal surface, axial stress imparted by the surrounding tissue and
circumferential stress created by the blood pressure [156], Figure 2.3. The ability of SMC in large
arteries to produce ECM in response to these stresses can be their differentiated phenotype when
compared to the small artery SMC [69]. The formation of a functional extracellular matrix must
occur in an organized sequence in response to changing stresses; therefore, the matrix phenotype
is changing throughout the entire period of vessel wall development. During vessel formation the
SMC differentiation, lamellar number and elastin content is related directly to the gradual rise in
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blood pressure until the proper number of lamellar units are organized [103, 122]. The relatively
constant tension distributed per lamellar unit and uniformity of composition, regardless of species,
indicate the proportion of collagen, elastin and SMC in the media is optimized for the stress to
which the artery is subjected [164]. Furthermore, the elastic modulus, or local slope, and pressure
are measures used to relate vessel compliance properties. When the blood pressure is normalized
to each organisms mean blood pressure, the elastic modulus for the aorta in all species examined
converges to the narrow range of 0.3-1.0 MPa [28, 48, 136]. Starting from highly cellular arteries
early in development, arteries must develop into mechanically appropriate elastic arteries depositing
the correct proportions of ECM through organized coordinated signaling. SMC in the vessel wall
produce the ECM that will ultimately define the mechanical properties of the adult vascular system.
The mechanical stress on the SMC has been shown to elicit a growth promoting effect involv-
ing the production of platelet derived growth factor and mechanical stretch activated extracellular
signal-regulated kinases (ERK) [77]. The stress induced by the blood pressure in the vessel wall
activates the ERK-1/2 pathway [81]. The dynamic cycling of the pressure pulse stimulates the
synthesis of collagen, fibronectin, metalloproteinase-2, and total protein as well as induces an ele-
vated secretion of transforming growth factor-β (TGF-β) [83, 99]. The cyclic strain, which relates
the deformed dimension to the undeformed dimension, significantly reduces the DNA synthesis in
SMC suggesting that cyclic stretching may keep the proliferation of SMC at a low level [58, 138].
Therefore, the SMC play a key role in sensing and developing the vessel wall to meet functional
force and deformation demands.
To achieve the correct functional compliance, each organism adjusts the mix of ECM compo-
nents in the vessel wall to produce the mechanical properties appropriate for different hemodynamic
forces and deformations. Therefore, the SMC monitors the changing tensional forces and deforma-
tions within the artery wall and adjust ECM production and proportions accordingly. In hyperten-
sion, a disease that is characterized by increased blood pressure, it causes additional arterial wall
stress experienced by the SMC. The increased pressure causes SMC hypertrophy and production of
ECM to restore baseline stress values [95, 96]. The structural hypertrophy adaptation of the muscle
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component in the wall represents a second line of defense where the contractile response constitutes
the first line by its immediate response to acute changes in pressure. By rapidly building up SMC,
once the load increase becomes sustained, the second line of defense relieves the prompt but more
easily fatigued functional adjustment [40]. Therefore, SMC builds ECM as the response mechanism
to increased pressure.
2.3.3.4 ECM
Elastin Elastin is an important ECM component that helps impart tissue pliability and
elasticity in a tissue. For some organs such as large arteries, skin, heart, intestines, tendons,
ligaments and alveoli, elastin provide the elastic recoil necessary for proper tissue and organ function
[41, 127]. Elastin is an evolutionary protein that imparts elasticity to major vessels in the vertebrate
circulatory system. In the low blood pressure and constant flow of the invertebrate circulatory
system, elastin is not present and the vessels serve to direct blood flow. In the vertebrate animal
where blood pressure is higher and pulsatile, elastin is present to serve as an elastic reservoir that
decreases systolic workload on the heart and provides a constant flow of blood to distal vessels
[137, 154].
Elastin is an abundant structural ECM protein in arteries comprising more than 50% of the
dry tissue weight in mature larger arteries [37, 137]. Elastin is also detectable in smaller resis-
tance arteries, mainly the internal and external elastic lamina, and veins. Tropoelastin, together
with microfibrils, forms insoluble elastic fibers that are laid down in repeating concentric rings, or
lamellae, in the medial layer of the arterial walls. Each concentric elastic lamella alternates with
a physically connected concentric ring of SMC, forming a lamellar unit. Each lamellar unit helps
distribute the wall stress in the media and adapts to functionally keep the tension in each lamellar
unit constant across species and arterial type [37, 137]. These lamellar units help ensure uniform
tension distribution throughout the vessel wall and are primarily responsible for the elastic recoil.
Elastin represents 90% of the elastic fiber composition, with the other constituents being
microfibrillar glycoproteins such as fibrillins, microfibrillar-associated glycoproteins (MAGPs), and
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EMILIN-1 [65, 69, 157]. Elastic fibers arise from SMC-secreted microfibril scaffolding onto which
SMC-secreted elastin is deposited, aligned and cross-linked by a lysyl oxidase enzyme into insoluble
elastin that forms a resilient fibrous network [23, 37, 69, 74, 157]. As the fiber matures, the elastin
becomes the major component, with a small number of microfibrils detectable along the periphery of
the structure [157]. Unlike collagen that assembles into fibers of uniform diameter, elastin assembly
can form varying sizes and shapes. Many studies support that elastin fibrils or aggregates coalesce
to from larger fibers, which assemble into even larger fibers in tissues like ligament or skin, or into
sheets as seen in the elastic lamellae in blood vessels [74]. Elastin is much more highly cross-linked
than collagen containing 15-20 compared to 1-4 in collagen. This high degree of cross-linking is
important in its recoil properties and contributes to its longevity [94, 156].
Elastin formation is a critical event in developing tissues. Mice with a null mutation in
the elastin gene (ELN-/-) die within a few days of birth with SMC over-proliferation causing an
obstruction in the arteries [156]. Elastin fiber formation occurs in a narrow window of develop,
almost exclusively between fetal mid-gestation and through the perinatal period [94, 154, 158]. Soon
after the perinatal period, elastin production falls rapidly, leaving little or no elastin synthesis or
turnover in adults [27, 69, 93, 113]. Due to its highly cross-linked nature, the elastin formed during
this period is very stable with a half-life of approximately 40 years and must be sufficient, since no
appreciable synthesis of mature elastin occurs in adult life [94]. This critical period of formation
has led to the hypothesis that abnormal elastic fiber formation causes irreversible changes in elastic
tissue structure and function that program the organism for increased risk of disease later in life
[94, 93, 152, 154, 158]. While epidemiology seems to confirm this hypothesis, more studies are
needed to understand the development of elastin in healthy tissues and the role disease plays in
fetal origins.
Collagen Collagens are ubiquitous proteins responsible for maintaining structural integrity
[12, 69]. Collagen fibers are much more stiff than elastin with a max extension of approximately 10%
and an elastic modulus of approximately 1 GPa [37, 75]. Collagen turnover is comparably higher
than elastin with a half-life of 0.5-3 months [75]. Collagen fibers have a triple-helix repeating com-
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position with glycine occupying every third position in the sequence (Gly-X-Y). Three individual
collagen proteins, called α-chains, combine to form a right-handed triple-helix collagen molecule.
In the collagen molecule three α-chains can be identical or can consist of two or three different
α-chains. Based upon these combinations, 28 genetically distinct collagen types have been identi-
fied by scientists and 49 distinct α-chain gene products discovered [127]. Collagen molecules are
arranged into fibrils, with a characteristic 67 nm axial periodicity, which provides tensile strength.
Collagen provides the structural framework in tissues that have to resist shear, tensile or pressure
forces, such as tendons, bone cartilage, skin and arteries.
Several types of collagen are found in arteries. Of those types, type I collagen has been
found using immunohistochemical studies in the intima, media and adventia layers of the fetal
bovine aorta and in the intima and media layers in the adult human [60, 153]. In the media, the
type I collagen is found around the SMC and is in close contact with the elastic lamellae [30, 97].
Type III collagen is appears within the intima, media and adventia layers of the fetal bovine
aorta, and in intima and media layers in the adult human [60, 153]. Type III collagen is shown to
localize in dense deposits in the media around the elastic laminae in the human aorta [97]. Using
electronmicrographic studies, type III collagen colocalizes with types I and V collagen in the areas
adjacent to the elastic lamellae [30]. Type III collagen dominates in the wall of blood vessels and
co-polymerizes with type I collagen [12]. Type IV collagen is a major structural component is the
arterial basement membrane [69]. Collagen type V is found localized immunohistochemically in the
media of human arteries and has been seen in the basement membrane surrounding SMC of the
media [30, 97]. Type V collagen is a minor component and occurs predominantly co-polymerized
with collagen I [12]. Type VI collagen is expressed in an association with fibrilin-1 in oxytalan fibers
in the media of the human aortae. Type VI fibers were shown by immune-electron microscopy to
connect elastic lamellae to the basement membrane of SMC; with some fibers running along the
surface of SMC and putting collagen type VI in the closet proximity to the cell of all the collagen
types [30]. Although the collagens that make up the scaffold are quite different, they are similar in
the way they form the scaffolding structure of the ECM.
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The collagen and ECM matrix is not static; it is remodeled constantly to meet functional de-
mands, which implies a constant breakdown by proteases, notably matrix metalloprotases (MMPs)
[12]. Cells comprising the ECM, which include fibroblasts and myofibroblasts, are mostly respon-
sible for the synthesis collagens. The newly synthesized collagen fibrils are soluble in salt solutions
and dilute acid and have not tensile strength. During fibril formation through intermolecular cross-
linking, collagen fibers become increasingly insoluble, more refractory to the action of enzymes and
show a progressive increase in tensile strength. Cross-linking is initiated by the enzyme lysyl oxi-
dase, through the oxidation of specific lysine or hydroxylysine residues in the telopeptide regions.
This results in aldehydes that undergo a series of reaction with the adjacent reactive residues to
give both inter- and intramolecular crosslinks [65]. Collagen synthesis is increased to accommodate
additional vessel wall stress, which is the case of aging, disease or injury [75].
Kelleher et al. studied the development of the ECM in the mouse aorta, which has contributed
greatly toward understanding the role of collagen in development [69]. The expression analysis
found by gene array found collagens I, III and VI to be the major fibrillar collagens in the aorta. A
major increase in expression was found beginning embryonic day 14 with high expression through
postnatal day 10. Expression relatively fell off over the course of several weeks and continued to
decrease gradually into adulthood. In adulthood, collagens XV and XVIII were the only collagens to
show increased expression. Type IV was found to follow a similar pattern, but with less dramatic
changes. Type IV expression increases slowly during embryonic development, dips sharply at
perinatal day 0 and recovers to peak at perinatal day 7. After perinatal day 7, the expression
level decline again. Additionally, Kelleher et al. found collagen types I, II, III and IV act as ECM
ligands through which interaction occurs with cells through integrin receptors, in particular α1β1.
The α1β1 integrins are expressed as early as 10 weeks gestation in the human aorta [69]. It has
been proposed that integrins facilitate the maintenance of SMC in a contractile phenotype; thus,
collagen may contribute to the stability of the vessel wall both structurally and phenotypically
throughout development.
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2.4 Development and Aging of Arteries
As arteries age, they exhibit increased thickness-to-radius ratio, decreased distensibility and
increased stiffness. For example, both the diameter and the circumferential stiffness of the abdomi-
nal aorta increase linearly with age. In the aortic wall the elastic lamellar units increase in number
and thickness during maturation [75]. The aortic media exhibits increased elastin fragmentation
and collagen deposition. During aging the average heart rate decreases and both the systolic and
diastolic pressure increase. In addition, the in vivo axial stretching force, or tethering, decreases
and the circumferential residual stress increases as the vessel ages and remodels. The subtle effect
of growth and remodeling of the structural proteins of collagen and elastin is debated with claims
of increases, decreases or remaining constant overtime debated [75]. However, the basic mechanics
of vascular aging generally agreed upon is increased pressure loads and decrease elasticity. These
changes make the artery more vulnerable to increased mechanical stress and reduced stress relief
through decreased deformation, or compliance. Not coincidental is the occurrence of the two most
prominent diseases of arteries, atherosclerosis and aneurysms, increase with age [75]. Epidemiologic
evidence shows higher incidence of vascular dysfunction and cardiovascular disease in adults from
PE and IUGR pregnancies suggesting premature vascular aging [6, 34, 86, 123, 149]. Therefore,
the study of increased incidence of cardiovascular disease and arterial development of structure and
function in patients born in unfavorable intrauterine environments requires additional study.
2.5 In Vivo Evaluation of Mechanics
In vivo measurements of arterial mechanics is possible by measuring the relative arterial
diameter between diastole and systole which allows evaluation of the circumferential compliance
of the vessel for comparison between healthy and diseased vessels. Early animal studies involved
invasive measures of arterial circumferential and axial strains with calipers or strain gauges sutured
to the arterial wall. Since, less invasive methods have been developed for in vivo measurement using
optical sensors, cineangiography, intravascular ultrasound, echography, and magnetic resonance
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imaging alone or combined with tagging or phase contrast. It has been shown that the in vivo
length of arteries change very little, except due to heart or limb motion. Length extensions due to
blood pressure are on the order of 1-2 percent, except in the pulmonary artery where the average
extension is 8 percent. The average relative changes in diameter during the cardiac cycle reach
10-15 percent in the pulmonary artery, 6-10 percent in the carotids, and 2-5 percent in the aorta
[62]. Overall, the in vivo measurement of arteries is useful for comparative studies of arteries
because no comprehensive constitutive relation can be established. There is currently no way
to determine the residual strain or stress in an artery in vivo with respect to the undeformed,
stress-free configuration. This limits valuable information that is valuable for establishing possible
correlations with pathogenesis or structure and functional relation [75].
2.6 In Vitro Evaluation of Mechanics
2.6.1 Uniaxial
Uniaxial extension is the easiest, most widely used test method to measure mechanical re-
sponse of arteries cut into strips [75]. The mechanical response of the uniaxial test is nonlinear with
first a low-stress, high strain regime (also called low-modulus descriptive of the elastin content) and
then a high-stress, low-strain regime (also called high-modulus descriptive of the collagen content),
Figure 2.6. The uniaxial test is useful for approximating the nonlinear response with the local
slopes of the curve at certain points, called incremental measurements. The described material
response with different elastic moduli pertain to different levels resulting from stepwise loading and
unloading [75]. The uniaxial test provides basic information on the mechanical response of tissue
and is useful for providing data about the stress level to induce arterial damage. However, the
limitation of uniaxial testing is the measurement of stress-strain response in only one direction at
a time. It cannot study the interaction of multi-axial, coupled response of multiple axes, which is
useful for developing a three-dimensional constitutive model [75].
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Figure 2.10: The initial linear region describes the elastin content of the artery. The non-linear
transition region describes the collagen engagement. The second linear region describes the fully
engaged collagen fibers. The transition stretch is the measure of the quality or quantity of the
elastin region. The modulus, or slope of the line, describes the degree of stiffness at the mean blood
pressure. The physiological stretch is the description of passive energy stored at the mean blood
pressure.
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2.6.2 Ring Testing
The ring testing is very similar to uniaxial tests, which tests an artery in one direction, but
the artery is tested in linearly stretching the circular test specimen. The nonlinear mechanical
response is similar to the uniaxial test, but calculations must be made to uncouple the residual
stress from the unnatural configuration. Therefore, the ring test is not ideal for testing the passive
mechanical properties.
2.6.3 Biaxial
Biaxial testing allows two perpendicular directions to be examined simultaneously using a
single square strip of tissue. Biaxial testing allows measurement of force and displacement to
determine the anisotropicity of a material. Biaxial testing is an improvement over uniaxial due
to its ability to measure the coupled, multi-directional response of the tissue. In addition, biaxial
testing is useful in testing elastic arteries from large animals where daughter branches may not
allow for vessel pressurization. However, the force and displacement measures are in the plane
configuration not the natural curvature present in arteries [75].
2.6.4 Pressurization
Pressurization allows accurate, independent control of pressurization, extension and twist
of the whole artery segment in a tube configuration. It allows mechanical characterization, to
provide mathematical description of the material within a theoretical framework. Pressurization
testing provides two-dimensional results in thick vessels where only the outer diameter and axial
deformations are measured or three-dimensional results in which axial, circumferential and radial
measurements are made. Pressurization allows static measurements to be made through incre-
mental luminal pressure and deformation measures. Certain pressurization test setups allow the
viscoelastic properties of the artery to be made with pulsed flow and pressure measurements [75].
But pressurization does not describe the circumferential residual stress found from the stress-free
uniaxial and biaxial test configurations.
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2.7 Developmental Origins of Disease (Barkers Hypothesis)
In 1989, Barker and his associates studied birth records to find a relationship between birth
weight and mortality caused by ischemic heart disease in 10,000 men and 6,000 women born between
1911 and 1930 in Hertforshire, United Kingdom [5]. Their study showed a striking decrease in
cardiovascular mortality occurred with increasing birth weight between 5-9 lbs (2.3-4 kg). This
direct relation has been confirmed through epidemiological studies conducted around the world in
both western and developing countries. Over 15 years of research has made clear that the uterine
environment in which an individual develops has powerful, long-term impacts on cardiovascular
health. A poor intrauterine environment imparts substantial risk for disease. Today, researchers
have noted that many of the recognized risk factors for cardiovascular disease have origins early in
development [149].
The process through which developmental stress leads to disease is known as programming.
Programming leads to early changes in gene expression patterns that leads to metabolic, anatomic
and hormonal changes that impart disease vulnerability. Each organ has developmental windows
that are sensitive to environmental insults. For example, the kidney is vulnerable to stress during
nephrogenesis. However, determination of the critical period in arterial development is understud-
ied with few studies examining the contribution of altered hemodynamics to the systemic vascular
development. The leading intrauterine stressors to fetal programming have been shown to include
under- or over-nutrition, hypoxia, and excess glucocorticoid values. The three areas of cardiovascu-
lar programming that have received the most attention are endothelial impairment, hemodynamic
load and hypoxia [149]. Of those areas, endothelial impairment and hemodynamic flows have a
biomechanical component, which has received little attention.
2.8 Preeclampsia
Preeclampsia is the leading pregnancy complication causing morbidity, mortality and pre-
maturity. Preeclampsia is the most common pregnancy complication of pregnancy world-wide.
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Preeclampsia (PE) is a medical condition that occurs during pregnancy and the post partum pe-
riod. It affects both the mother and the fetus. It affects five to eight percent of all pregnancies and is
characterized by high blood pressure and the presence of protein in the urine. Usually, preeclampsia
occurs after twenty weeks gestation though it can appear earlier. To effectively manage the disease
it is important to detect and manage it early. Preeclampsia, Pregnancy Induced Hypertension
(PIH) and toxemia are all closely related conditions. HELLP (hemolytic anemia, elevated liver
enzymes and low Platelet count) Syndrome and eclampsia are manifestations of the preeclampsia.
Preeclampsia during pregnancy causes alterations in hemodynamics and has been shown to occur
early in the disease process [22]. The ability to accurately predict preeclampsia would be a major
advance in prenatal care. In addition, the role of PE in developmental programming of CVD is
not well understood. By studying the fetal cardiovascular system through study of the umbilical
arteries, insight into vascular remodeling can be gained.
2.9 Intrauterine Growth Restriction and the Ovine Model
Affecting 8 percent of all human pregnancies, IUGR is a significant disease that causes fetal
and infant mortality and morbidity [118]. Many complications of fetal health arise from IUGR, such
as fetal hypoxemia, acidemia and intrauterine death. Newborn complications of IUGR include low
Apgar scores, birth acidemia, meconium aspiration syndrome and transition difficulties, metabolic
disturbances, hypothermia, polycythemia, intraventricular hemorrhage, impaired cognitive func-
tion, and cerebral palsy [43]. Additionally, Doppler ultrasound, a noninvasive diagnostic tool, has
shown reduced end-diastolic flow velocities in the human fetal aorta, umbilical artery and maternal
uteroplacental artery. Fetal cerebral artery end-diastolic flow velocity is concomitantly increased
due to altered fetal hemodynamics [54, 151]. Epidemical studies have offered compelling evidence
that IUGR predisposes individuals for coronary heart disease, hypertension, stroke and diabetes as
an adult: the theory of fetal programming [6, 34, 86, 123, 149]. Recently, Burkhardt et al. have
revealed that human umbilical arteries from IUGR pregnancies tested in vitro using myography,
exhibit less compliance than an AGA umbilical arterial tissue [16]. Cardiovascular diseases in ado-
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Table 2.1: Similarities between human and ovine IUGR model [8].
 Human 
IUGR 
Ovine 
IUGR 
Growth   
     Fetal Weight ! ! 
     Biparietal Diameter/Abdominal  
          Circ Ratio 
" " 
     Placental Weight ! ! 
Metabolic   
     Fetal Oxygen Concentration ! ! 
     Placental Oxygen Transfer ! ! 
     Fetal Glucose Concentration ! ! 
     Placental-Fetal Glucose Gradient " " 
     Fetal Insulation Concentration ! ! 
     Glucose-Stimulated Insulin  
          Secretion 
! ! 
     Pancreatic !-Cell Population ! ! 
Hemodynamic   
     Umbilical Artery Doppler  
          Pulsatility Index 
" " 
     Absolute Uterine Blood Flows ! ! 
     Umbilical Blood Flows ! ! 
     Coronary Artery Blood Flow " " 
 
!
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lescents and adults, including arterial hypertension, are characterized by a reduced compliance,
or elasticity, of the arteries [40, 80]. Burkhardt showed that maximal tension and maximal force
were both significantly increased, i.e. the compliance is reduced, in human IUGR umbilical arteries
when compared to AGA pregnancies (P¡0.05) [16]. While arteries that lie proximal to the placenta
show reduced compliance, examination of compliance changes distal to the placenta and within
the fetus appears to be absent in the literature. A reduced systemic arterial compliance would
create a mechanical disadvantage, increasing the overall hydraulic impedance and cardiac workload
[85, 88, 133, 136]. Previous research suggests that in the human fetus IUGR causes biochemical
and biomechanical changes in systemic arterial compliance that persists throughout life, but for
ethical reasons can rarely be measured or quantified in tissue obtained from the human fetus.
The naturally-occurring ovine fetal growth restriction has been utilized for over 50 years to
study alterations in maternal, fetal and placental physiology during pregnancy. While no animal
model can perfectly recapitulate human pregnancy, the IUGR ovine model has been found to share
similarities in placental insufficiency, Table 2.9: metabolic adaptations of the pancreas, heart adap-
tations and circulation [8, 7, 112]. One of the main advantages of using the ovine model is the
ability to place and maintain catheters in both the maternal and fetal vasculature, allowing re-
peated sampling from the non-anesthetized pregnancies. Considerable insight has been gained into
physiological changes using ovine pregnancy, and in many cases later confirmed in human pregnan-
cies once appropriate technologies became available [7]. By elucidating the systemic biomechanical
changes in arterial compliance distal to the placenta in an IUGR ovine model, this work will give
clinicians valuable insight into altered hydraulic impedance and cardiac workload within the fetus.
2.10 Studies in this thesis
The proposed work in this dissertation aims to better understand the impacts of maternal
disease-induced fetal programming on vascular compliance, blood flow and blood pressure within
the fetal circulation at term. Specifically, the overarching aim is to assess potentially detrimental
fetal arterial tissue alterations in IUGR and PE. To our knowledge, this is the first examination
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of the systemic effects of both IUGR and PE on fetal vascular compliance and its contribution
to hemodynamics, an area which until recently was neglected. Compliance changes in the human
IUGR umbilical artery are associated with adult hypertension; however, no study has established
if this effect is due to systemic vascular compliance changes in association with maternal disease.
Therefore, this work will provide an important step towards understanding the systemic vessel
formation in both appropriate for gestational age (AGA) fetus and the PE and IUGR fetus. We
aim to elucidate the imprinting role that PE and IUGR plays on cardiovascular development and
provide a model that can translate to a clinical setting for predicting the severity of maternal
disease-induced vascular changes in the human fetus.
The studies that comprise this thesis contain human and animal studies. The animal studies
of IUGR sheep allow an invasive, in vitro investigation of arterial biomechanics that would not be
possible in human studies. Using the IUGR in vitro data, the arteries can used be characterized
systemic physiology changes and elucidate clinical pathologies. However, no large animal model
for PE exists. Studying the umbilical artery as an extension of fetal circulation can provide insight
into systemic vascular growth and remodeling changes. Therefore, a combination of human and
animal models of maternal diseases has been used to assess the contribution of disease to arterial
development.
Chapter 3
Increased stiffness and extracellular matrix reorganization in intrauterine
growth restricted (IUGR) fetal sheep
3.1 Abstract
We tested our hypothesis that intrauterine growth restriction (IUGR) causes decreased com-
pliance in the carotid and umbilical arteries due to altered extracellular matrix (ECM) composition
and structure. A sheep model of placental insufficiency induced IUGR (PI-IUGR) was created by
exposure of the pregnant ewe to elevated ambient temperatures. Umbilical and carotid arteries
from near-term fetuses were tested with pressure-diameter measurements to compare passive com-
pliance in control and PI-IUGR tissues. ECM composition was measured via biochemical assay,
and the organization was determined by using histology and second-harmonic generation imaging.
Morphology of the PI-IUGR carotid arteries showed increased inner diameter with reduced wall
thickness and PI-IUGR umbilical arteries remained constant. We found that PI-IUGR increased
arterial stiffness with increased collagen engagement, or transition stretch. PI-IUGR carotid ar-
teries exhibited increased collagen and elastin quantity and PI-IUGR umbilical arteries exhibited
increased sulfated glycosaminoglycans. Histomorphology showed altered collagen to elastin ratios
with altered cellular proliferation. Increased stiffness indicates altered collagen to elastin ratios
with less elastin contribution leading to increased collagen engagement. Because vessel stiffness
is a significant predictor in the development of hypertension, disrupted ECM deposition in IUGR
provides a potential link between IUGR and adult hypertension.
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3.2 Introduction
In adolescents and adults, increased stiffness in large elastic arteries is a significant contrib-
utor to the progression of cardiovascular disease (CVD) [72, 79, 85, 133, 136]. The extracellular
matrix (ECM) that defines arterial stiffness rapidly forms during late gestation and in the newborn.
Smooth muscle cells (SMC) regulate ECM development to meet the biomechanical demands of the
systemic arteries by signaling changes with respect to increases in blood pressure and hemodynamic
flows within a vessel [37]. Elastin, the ECM component that provides elasticity and low-pressure
strength in blood vessels, has been shown to rapidly accumulate during the late gestation and early
neonatal period and to degrade slowly as individuals age [16, 154, 161]. Collagen, a much stiffer
ECM component, is deposited to accommodate increased biomechanical loading as blood pressure
increases or under increased shear stress, as with aging or disease [16, 37, 154, 161]. Proteoglycans
are a small but important part of the ECM that consist of a core protein to which multiple gly-
cosaminoglycans (GAGs) chains are covalently attached and have the ability to incorporate water
and viscosity to the tissue. Adaptations in vascular formation to short-term complications from ma-
ternal stress, such as intrauterine growth restriction (IUGR), in utero could directly impact adult
cardiovascular health through altered vascular growth and remodeling of any of these components
of the ECM.
IUGR is a common complication of human pregnancies and results in both short and long-
term complications. In the short-term, IUGR is associated with altered hemodynamics as a result of
increased placental resistance to blood flow and increased fetal arterial blood pressure [8, 42]. Long-
term complications include a predisposition toward development of cardiovascular disease (CVD)[6,
86, 149]. However, the mechanisms linking IUGR with adult-onset CVD remain incompletely
understood and more research is needed to understand the pathogenesis of abnormal fetal vascular
development IUGR.
In humans, Burkhardt et al. showed that IUGR newborns have reduced umbilical artery
compliance [16]. Further, Burkhardt argued, that as an extension of the fetal cardiovascular system
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and the only vessel readily available for in vitro study in humans, the umbilical arteries provided
a snapshot of fetal vascular development [16]. But whether this is true in IUGR remains untested.
We hypothesized that IUGR near-term fetuses have increased carotid and umbilical arterial
stiffness due to altered ECM composition and organization compared to that of normal fetuses
caused by increased hemodynamic stresses. For this study, we utilized a sheep model of placental
insufficiency that results in IUGR fetuses characterized by hemodynamic changes as well as many
other complications seen in severe human IUGR [8, 7, 43]. This model of placental insufficiency-
IUGR (PI-IUGR) is characterized by elevated fetal blood pressure, increased pulsatility in the fetal
umbilical and descending aorta arteries, and increased placental resistance to fetal umbilical blood
flow [43]. In the current study, we measured arterial stiffness in isolated umbilical cord and fetal
carotid arteries as well as ECM composition and organization to elucidate the contribution of IUGR
to vascular development.
3.3 Materials and Methods
3.3.1 Animal Model
This study was performed in pregnant Columbia-Rambouillet ewes at the Perinatal Research
Center (PRC) at the University of Colorado School of Medicine and approved by the Institutional
Animal Care and Use Committee. The PRC is accredited by the National Institutes of Health,
the United States Department of Agriculture, and the American Association for Accreditation of
Laboratory Animal Care. PI-IUGR (n = 9) was created by exposure of pregnant ewes to elevated
ambient temperatures (40 ◦C for 12h; 35 ◦C for 12h) for ∼80 days (days 35-112 days gestational
age, dGA; term = 148 dGA) as previously described [8, 7, 125, 126]. Following this exposure, ewes
were housed in a normothermic environment (20 ◦C) for the remainder of the study. Control (CON,
n = 12) ewes were housed in a normothermic environment for the duration of the study.
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3.3.2 Mechanical Testing
The ewe and fetus were anesthetized with ketamine (1000 mg) and diazepam (10 mg) given
to the mother. The fetus was removed, blotted dry, and weighed. The fetus was then euthanized
with pentobarbital sodium (2 ml, approximately 250 mg/kg). Fetal, placental and sectioned heart
weights were recorded. The common right and left carotid arteries were dissected from the base of
the carotid branch to the base of the skull (CON n = 10, PI-IUGR n = 8). The umbilical arteries
were dissected from the umbilical cord between the fetal insertion site and the placental branches
(CON n = 12, PI-IUGR n = 9). Arteries were stored in calcium-free phosphate buffered saline
(PBS) at 4 ◦C until testing. Preliminary samples of control and PI-IUGR carotid and umbilical
arteries were processed for histology. These preliminary histological samples were fixed using 10%
neutral buffered formalin, ethanol dehydrated and paraffin embedded. The arteries were sectioned
at 5 µm with each artery stained with Movats pentachrome for ground substance or sulfated GAGs,
fibrin, muscle, collagen and elastin content.
A 2 mm long ring portion of the dissected arteries was measured for thickness and inner
diameter optically. The dissected artery was then cannulated and sutured. Arteries were then
tested for passive compliance on a custom arteriography chamber that allowed the large vessels
stretched to in vivo length, pressurized and imaged. Calibrated pressure transducers (Living Sys-
tems Instruments, LSI; Burlington, VT) were placed on the up-stream and down-stream sides of
the vessel and were recorded using WinDaq data acquisition software (Dataq Instruments; Akron,
OH). The vessels were statically pressurized with calcium-free PBS solution using a Cole-Parmer
Masterflex pump (Vernon Hills, IL) from 5 mmHg to 10-200 mmHg in 10 mmHg increments, held
to allow stress relaxation and imaged using a Canon Rebel XSi digital camera, resolution 14.5 µm
(Lake Success, NY). Transmural pressure and the outer diameter was recorded using a custom
written Matlab (MathWorks; Natick, MA) image processing script. Following mechanical testing,
arterial segments were frozen for biochemical assay and segments fixed for histological examination
as described below.
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3.3.3 In Vitro Biochemical Assays
A ∼20 mg portion per arterial sample was lyophilized and weighed for dry mass. The dried
tissue was hydrolyzed in 200 µl of 6 M HCl and dried using a speedvac. The amounts of elastin
and collagen incorporated into the arterial walls of the PI-IUGR sheep were quantified using stan-
dard measurements of tissue desmosine and hydroxyproline content, respectively [139, 140]. An
additional ∼20 mg portion per arterial sample was dried and weighed for dry mass. Sulfated GAG
content was measured using a standard dimethylmethylene (DMMB) assay with chondroitin-6-
sulfate (Sigma-Aldrich) as the standard [36].
3.3.4 Histology
Mechanical test samples of control and PI-IUGR carotid and umbilical arteries were processed
for histology. The histological samples were fixed using 10% neutral buffered formalin, ethanol
dehydrated and paraffin embedded. The arteries were sectioned at 5 µm with each artery stained
with Verhoeff-van Gieson (VVG) for collagen and elastin content and hematoxylin and eosin (H&E)
for general structure and cell number.
Additionally, representative samples were chosen for carotid (CON=3 and IUGR=3) and
umbilical (CON=3 and IUGR=3) arteries for high-resolution second harmonic generation (SHG)
imaging. The SHG samples were fixed using 10% neutral buffered formalin, ethanol dehydrated
and paraffin embedded. The arteries were sectioned in the axial and circumferential planes at 10
µm. The SHG imaging system consisted of a Zeiss LSM 510 instrument (Carl Zeiss Inc.; Germany)
equipped with a tunable pulsed two-photon infrared laser (Chameleon from Coherent Inc.; Santa
Clara, CA) and external non-descanned PMT detectors. The arterial samples were excited with
800 nm via a water immersion objective 40x, 1.4NA Plan-Apochromat (Carl Zeiss Inc.; Germany).
The response signal was split by a dichroic mirror 425 DCLP (Chroma Technologies; Rockingham
VT). The SHG collagen fluorescence was measured using a narrow band pass filter HQ400/20m-2p
(Chroma Technologies; Rockingham, VT) and elastin fluorescence with broad visible band pass
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filter HQ575/250m-2p (Chroma Technologies; Rockingham, VT). The images were examined in a
blinded fashion for qualitative differences between the control and PI-IUGR group.
3.3.5 Data Analysis
Biomechanical data are presented as mean ± standard error of the mean (S.E.M.) for the
transmural pressure and the diameter stretch (λ = d/do, where d is the current diameter and do
is the initial diameter). The transition stretch (λtrans) describes both the elastin content and/or
organization of the artery and the engagement point of collagen. For the mechanical measures,
experimental pressure (p) and diameter stretches (λ) were fit using an exponential nonlinear least
squares method to give an r2 value greater or equal to 0.90. The transition stretch (λtrans) from
the nearly-linear elastin region to the collagen engagement region was found by a 5% change in the
slope.
The VVG images were used to quantify the elastin area fraction in Matlab (MathWorks;
Natick, MA) by an intensity threshold to find the artery wall area followed by a threshold of the
artery wall to find the darker elastin band areas. The H&E images quantified cellular content
(nuclei number per vascular area) using a custom written Matlab script to identify the number of
cell nuclei using a threshold in the blue-yellow axis in the L*a*b color space per artery wall area
using an intensity threshold.
Statistical significance of the biomechanical characteristics were found using a mixed-model
ANOVA with terms for sex, treatment (CON vs PI-IUGR), and a random animal term to account
for repeated measurements made in the same fetal vessel. Other measurements were examined
using a Students t-test for parametric data and a Mann-Whitney test for non-parametric data as
noted. A value of P < 0.05 was considered to be significant.
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Table 3.1: Necropsy values for PI-IUGR and control animals. NS = Not Significant. * = Significant
P¡0.05 by Students t-test except Mann-Whitney non-parametric test run for Placental Weight.
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Figure 3.1: Movats Pentachrome stained cross-sections for representative carotid (a) and umbilical
(b) arteries. Qualitative analysis showed PI-IUGR arteries had a media with increased ground
substance (GAGs) and the adventitia exhibited increased collagen disrupting the collagen to elastin
ratio indicating arterial stiffening.
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Figure 3.2: a-b: Pressure vs Circumferential Stretch for control (•) and PI-IUGR (◦). * Significant
difference between groups. Carotid artery (a) is significantly different at pressures between 70-200
mmHg (P<0.05). Umbilical artery (b) is significantly different at pressures between 40-200 mmHg
(P<0.05). Previous research has shown that the mean systemic blood pressure in this breed of
animal is 44.5 and 50.2 mmHg for control and PI-IUGR animals respectively (12). c-d: Transition
Circumferential Stretch quantifying elastin and collagen engagement mechanics. Carotid (c) and
umbilical (d) arteries display earlier collagen engagement.
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Table 3.2: Biochemical Assay Data.
!"#$%"& '()* +,-.&/0
10.# 2 341 10.# 2 341
567%"869%"&:#0,;µ<=><? @ABC 2 ABA DE@BF 2 DEBF EBEEG
H0I>"I:#0,,;µ<=><? JBDE 2 EBD@ JBKA 2 EBDC EBEED
I/&L.$07,)M)I,,;µ<=><? JABG 2 DBD JJB@ 2 DBJ N3
567%"869%"&:#0,;µ<=><? @ABG 2 ABD @OB@ 2 FBJ N3
H0I>"I:#0,,;µ<=><? EBCO 2 EBEC EBKG 2 EBDG N3
I/&L.$07,)M)I,,;µ<=><? JFBK 2 EBK JJBA 2 DBC EBEGE
(>P:&:Q.&,M%$0%6
!.%"$:7,M%$0%6
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3.4 Results
3.4.1 Animal Morphology
The PI-IUGR fetuses had significant growth restriction with lower fetal weight, placental
weight, and crown to rump length (CRL), Table 3.4. The normalized left-ventricular weight
(grams per kilogram fetal weight) was 18% higher in the PI-IUGR fetuses. The unpressurized
and unstretched PI-IUGR carotid arteries showed a 23% increase in inner diameter and a 28% de-
crease in wall thickness compared to control. The unpressurized and unstretched umbilical artery
demonstrated no change in inner diameter and wall thickness, despite the reduced fetal size and
placental insufficiency, Table 3.4.
3.4.2 Movats Pentachrome
Initial Movats pentachrome stain, Figure 3.4, qualitatively showed the PI-IUGR media has
more ground substance: hydrophilic sulfated GAGs and altered cellular quantity compared to the
control. PI-IUGR arteries exhibited more collagen in the adventitia than the control arteries, which
appeared to have more fibrin. Given these qualitative changes we next performed quantitative
biomechanical, morphological, and biochemical assays.
3.4.3 Arterial Stiffness
In PI-IUGR, both carotid and umbilical arteries were significantly less compliant when com-
pared to controls at equivalent pressures as indicated by the leftward shift in the, Figure 3.4. At
equivalent pressures, the circumferential stretch is less in the PI-IUGR carotid arteries for pressures
70-200 mmHg and umbilical arteries for pressures 40-200 mmHg (P<0.05). The transition stretch
(λtrans), which describes the elastin contribution and the initiation of collagen engagement in the
compliance, was significantly lower in both the PI-IUGR carotid and umbilical arteries compared
to the control, Figure 3.4.
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3.4.4 ECM Composition
The PI-IUGR carotid artery had more collagen and elastin content. The PI-IUGR umbilical
artery had no change in collagen or elastin content but less sulfated GAG content, Table 3.4.
Quantification of the H&E images, Figure 3.5, showed higher cell number in the carotid artery
(CON = 0.28±0.04 IUGR = 0.40±0.02 cell nuclei per 100 µm2, P<0.05) and lower cell number
in the umbilical artery (CON = 0.28±0.02 IUGR = 0.19±0.02 cell nuclei per 100 µm2, P<0.05)
in PI-IUGR. Quantification of the area fraction of elastin in VVG images (FIG 4) showed a lower
proportion of elastin to arterial wall area in the carotid (CON = 27.4±2.1% IUGR = 19.2±2.2%,
P<0.05) and umbilical (CON = 10.8±0.9% IUGR = 7.2±1.2%, P<0.05) arteries in PI-IUGR,
Figure 3.5. However, the absolute total area of elastin remained the same between groups.
High-resolution SHG images of representative PI-IUGR carotid arteries exhibited an adven-
titia that contained less organized, more fragmented elastin and increased collagen, Figure 3.5.
The media of the PI-IUGR carotid arteries exhibited fewer elastic lamellae, or elastin bands, as
compared to the control vessels and also were noted to be thinner than the control carotid ar-
teries. The SHG PI-IUGR umbilical arteries, which contained less elastin area than the carotid,
showed thinner, less banded internal elastic lamina. The PI-IUGR media had less organized, more
fragmented elastin compared to the control umbilical arteries.
3.5 Discussion
The aim of our study was to determine differences in the growth and remodeling of systemic
arteries at the end of gestation between control and PI-IUGR fetuses by testing the passive compli-
ance and the structural ECM components. The ECM responds to the biomechanical environment
providing a snapshot of hemodynamic changes occurring during development. The important find-
ings of our study are: (1) less compliant carotid and umbilical arteries in PI-IUGR fetuses and
lower transition stretch demonstrating reduced elastin and increased collagen contribution to arte-
rial mechanics; (2) the PI-IUGR carotid had significantly higher collagen and elastin biochemical
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Figure 3.3: H&E stained cross-sections for representative carotid (a) and umbilical (b) arteries.
Quantification for number of nuclei per 100 µm2 for the largely elastic carotid arteries show in-
creased cell nuclei per area (P<0.05) (c), but the largely muscular umbilical arteries show decreased
cell nuclei per area (P<0.05) (d).
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Figure 3.4: VVG stained cross-sections for representative carotid (a) and umbilical (b) arteries.
Elastin area fraction measures the collagen to elastin ratio. The carotid (c) and umbilical (d) arteries
showed reduced area of elastin to total arterial wall area (P<0.05) demonstrating reorganization of
collagen and elastin.
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Figure 3.5: Arterial sections in the axial plane for representative carotid arteries (a) and umbil-
ical arteries (b) with auto-fluorescence of collagen (red) and elastin (green). Qualitative Images
demonstrate PI-IUGR arteries exhibit disrupted ECM organization with (1) a media fewer elastic
lamellae, or elastin bands, as compared to the control vessels. (2) The adventitia of the PI-IUGR
arteries exhibit more elastin that is less organized, more fragmented elastin and increased collagen.
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quantity compared to control while umbilical vessels had lower sulfated GAG content; (3) PI-IUGR
carotid arteries showed a change in morphology exhibiting a larger inner diameter and thinner walls
while PI-IUGR umbilical arteries showed no change, despite a decrease in fetal size; (4) while ECM
organization changed as demonstrated by less elastin area and elastin fibers that appeared more
fragmented and disorganized in the PI-IUGR vessels with more cellularity in the carotid and less
cellularity in the umbilical artery.
For the fetus and subsequent neonate, stiffer vessels result in reduced arterial function. Arte-
rial stiffening means less Windkessel effect, or elastic reservoir, available to store potential energy
required for steady flow to the organ beds. The heart functions as an intermittent pump, which
discharges blood flow only during systole. Therefore, arterial elasticity is critical in promoting for-
ward laminar, less pulsatile hemodynamic flow in these large elastic conduit arteries and reducing
left ventricle afterload [85, 133, 136]. The PI-IUGR arteries had higher collagen content, altering
the collagen to elastin ratio as seen in the VVG histomorphology. Higher collagen content in the
PI-IUGR carotid artery disrupts the normal collagen to elastin ratio stiffening the arterial com-
pliance and reducing the elastin area fraction. In the umbilical artery, less sulfated GAGs in the
PI-IUGR artery create less viscous dissipating energy also reducing compliance. The remodeling in
PI-IUGR arteries leads to increased stiffness, which has been shown to cause altered hemodynamics
and resistance to flow producing left ventricle hypertrophy [11, 35, 88].
Arterial growth and development is critical during the fetal and neonatal periods with the
majority of collagen and elastin deposition occurring at this time [156, 161]. In the PI-IUGR model,
vascular development appears to be influenced by increased placental resistance, blood pressure and
hemodynamics. IUGR increases relative blood flow to the brain to spare this vital organ [8], leading
to the observed change in the unstressed carotid artery morphology in our study. The unstressed
umbilical artery size in the PI-IUGR model remained normal.
The passive compliance is defined principally by the ECM structural constituents collagen
and elastin. These passive constituents provide the major structural elements for the arterial
biomechanics and are deposited and oriented dependent upon pressure and flow [15, 59, 65, 69, 107].
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GAGs function to increase viscous dissipation in response to biomechanical loading [33]. Arterial
health is dependent upon having the correct collagen to elastin ratio, an elastin deficiency leads to
higher blood pressure and pulsatility [154]. Studies of the human umbilical arteries in IUGR have
revealed no change in biochemical elastin content but decreased percent area fraction of elastin
using histologic staining contributing to stiffer arterial walls [16, 162]. Recent studies have shown
reduced elastin area and increased collagen area in aorta of the hypoxic sheep fetus [147] and
increased collagen content with increased stiffness in adulthood of the PI-IUGR guinea pig [146].
Researchers have hypothesized that in fetuses whose growth is impaired, the synthesis of elastin
in the walls of the aorta and large arteries may be deficient, thus leading to permanent changes in
the compliance properties of these vessels and predisposing an individual to cardiovascular disease
[94, 93, 105, 106, 124]. Our results show that the carotid and umbilical arteries have less elastic
reservoir, less elastin contribution, and more collagen content and engagement. Histomorphology
and SHG images show reorganization of ECM in PI-IUGR leading to the reduced compliance.
Increased vessel stiffness is a complex interplay of functional and structural contributions that
determines vessel compliance. Thus, both concentration and organization of the ECM contribute
to arterial biomechanical function and are susceptible to disease.
This is the first report of elastin and collagen remodeling in large elastic arteries in a PI-IUGR
sheep model and contributes in understanding the long-term impacts of IUGR on cardiovascular
disease. Burkhardt et al. suggested that the human IUGR umbilical artery could provide insight
into the fetal vasculature [16]. Using a well established sheep model of PI-IUGR allowed a direct
comparison of neonatal systemic vessels against the umbilical artery. Our data supports this idea
of using the umbilical artery as a snapshot of systemic arterial remodeling absent an animal model
as we found decreased compliance in the carotid artery as well as in the umbilical artery. However,
we also found differences between the effects of placental insufficiency on the carotid and umbil-
ical arteries (ECM composition, morphology and cellularity). This pattern of physical changes
demonstrates the continuing need to utilize animal models of IUGR to fully understand vascular
development in IUGR. The cardiovascular development in a large animal model of health and dis-
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ease provides insight to the role of arterial stiffening, which has been shown to be critical in the
pathogenesis of cardiovascular disease [29, 31, 78, 141]. Specifically, our data provide compelling
animal evidence to in part explain the epidemiological, observational studies in humans linking
IUGR and developmental origins of cardiovascular disease [6, 34, 86, 100, 149].
Future studies will determine the extent of abnormal systemic arterial growth and remodeling
in the IUGR fetus and the role hemodynamic stress plays as a signaling mechanism. Furthermore,
we report results for the near-term fetus. It is still uncertain when abnormal arterial growth and
remodeling begins and the long-term consequences of vessel stiffening in this model of PI-IUGR.
However, our data provide an initial basis for the development of a constitutive model to relate
changes in arterial microstructure to biomechanical function in IUGR fetuses. Such constitutive
models have the ability to aid our understanding of the relationship between vessel stiffening and
altered blood flow characteristics. Future studies also are necessary to understand the role of
mechanical stress and biochemical signaling, the biochemomechanical pathways, leading to arterial
growth and remodeling in the IUGR fetus.
In conclusion, PI results in IUGR and reduces both carotid and umbilical arterial compliance.
The decreased compliance is associated with previously measured increased fetal blood pressure,
placental resistance, and arterial pulsatility. We also found that the arterial remodeling occurs in
PI-IUGR mainly via increased collagen and elastin content in carotid artery and decreased sulfated
GAGs in the umbilical artery with altered collagen to elastin ratio. Overall, these data provide a
potential mechanism between IUGR and adult cardiovascular disease.
Chapter 4
Hyperelastic model of changes in the developing carotid artery in intrauterine
growth restriction (IUGR)
4.1 Abstract
A constitutive model for a fiber reinforced hyperelastic material was applied to understand
arterial remodeling in a sheep model of Intrauterine Growth Restriction (IUGR). IUGR is asso-
ciated altered hemodynamics characterized by increased resistance to blood flow in the placenta
and elevated fetal arterial pressure and pulsatility. The constitutive model describes the collagen
contribution to the mechanics within the arterial wall in both control and IUGR carotid artery
defining the material modulus and the orientation of the microstructure. A sheep model of placen-
tal insufficiency induced IUGR (PI-IUGR) was created by exposure of the pregnant ewe to elevated
ambient temperatures. Experimental data was collected using pressure-diameter measurements to
measure passive compliance in control and PI-IUGR carotid arteries. The constitutive model was
optimized to fit the experimental data predicting the material parameters. Specifically, the collagen
fiber in the control artery was 49.9 degrees from the circumferential axis while the PI-IUGR was
16.6 degrees with a 23.5% increase in fiber orientation. Quantitative assessment of collagen fiber
orientation in secondary harmonic generation images confirmed the shift in orientation between
the two groups. Together these suggest vascular remodeling of the ECM fiber orientation plays a
major role in arterial stiffening in the PI-IUGR near-term fetal sheep.
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4.2 Introduction
Hypertension reduces arterial compliance, introducing health problems such as increased over-
all hydraulic impedance and cardiac workload [85, 133, 136]. Altered hemodynamics has also been
shown to contribute to altered growth and vascular remodeling with increased blood flow or blood
pressure increasing vascular stiffness and geometry [20, 33, 61]. Recent studies of both systemic
and pulmonary hypertension demonstrate that both organ resistance and vascular compliance are
critical factors in the progression of cardiovascular diseases (CVD) [11, 35, 72, 78] with intrauterine
growth restriction (IUGR) infants showing a higher incidence of later CVD in adulthood [6, 86, 149].
IUGR is a common complication of pregnancy that is associated with hypertension and
abnormal blood flow in a fetal sheep model [43]. Changes in circulation and the associated intrinsic
hemodynamic forces of hypertension created by PI-IUGR during critical periods of gestation may
influence the formation of the vessels, creating stiffer, less compliant arteries. While IUGR vessels
are significantly stiffer than controls [16], the structural remodeling in response to hypertension is
believed in part to be due to fiber alignment. Constitutive equations can provide deeper insight
into the physiological and the pathological load carrying mechanisms within the artery elucidating
structural changes which occur in response hypertension.
Arterial compliance mechanics depend largely on the passive extracellular matrix (ECM)
constituents: elastin and collagen. The arterial wall is a complex composite structure that remodels
in response to hemodynamic stresses, which change with growth and development. Initial insight
into structural organization of the ECM in adult human arteries was described by Canham et al.
[18, 38, 39]. Gasser et al developed a structural continuum constitutive model of arterial layers to
integrate tissue structure and function to mechanical loading [47]. Studies in normal pregnancy
have described vascular ECM in aortic development [69], the contributions of vascular ECM to
arterial mechanics in development [154], and the role of elastic fiber contribution to mechanical
function [23], but no constitutive characterization of the developing artery in health and disease
exists. However, measurements alone are insufficient to link fiber orientation and mechanics.
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The relationship between stress and strain in hyperelastic materials is best-described though
phenomenological strain energy functions. The aim of this project is to use a phenomenological
constitutive model based upon previous work by Gasser and Holzapfel [47] to understand the role
of fiber remodeling in systemic vessel stiffening for control and IUGR arteries. This study will
test the hypothesis that changes in the IUGR carotid artery fiber orientation and structure due to
vascular remodeling contribute to increased systemic arterial stiffness.
4.3 Methods
4.3.1 Experimental
Pregnant Columbia-Rambouillet ewes were studied at the Perinatal Research Center (PRC)
at the University of Colorado at Denver Anschutz Medical Campus and approved by the Insti-
tutional Animal Care and Use Committee. The PRC is accredited by the National Institutes of
Health, the United States Department of Agriculture, and the American Association for Accredita-
tion of Laboratory Animal Care. Placental Insufficiency and IUGR model (PI-IUGR) was created
by exposure of pregnant ewes to elevated ambient temperatures (40 ◦C for 12h; 35 ◦C for 12h) for
approximately 80 days (days 35-112 days gestational age, dGA; term = 148 dGA) [8, 7, 125, 126].
Following the hyperthermic exposure, ewes were housed in a normothermic environment (20 ◦C) un-
til isolation of the fetal carotid arteries. Control ewes were housed in a normothermic environment
for the duration of the study.
Ewes and the fetuses were euthanized using pentobarbital sodium (2 ml, approximately 250
mg/kg). The common right and left carotid arteries were dissected from the base of the carotid
branch to the base of the skull (CON n = 10, PI-IUGR n = 8). Arteries were stored in calcium-free
phosphate buffered saline (PBS) at 4 ◦C and tested between 24-72 hrs after necropsy. The passive
mechanics, or static mechanics, and ECM of the arteries remained constant for up to three days
[142].
The left or right artery was selected at random. Images were taken in the stress-free axial
60
configuration, measured for thickness and inner diameter then cannulated and sutured. Arteries
were then tested for passive compliance on a custom arteriography chamber that allowed the large
vessels to be stretched to prescribed axial stretches, pressurized and imaged. Calibrated pressure
transducers (Living Systems Instruments, LSI; Burlington, VT) were placed on the up-stream and
down-stream sides of the vessel and were recorded using WinDaq data acquisition software (Dataq
Instruments; Akron, OH). The vessels were manually, statically pressurized with calcium-free PBS
solution using a Cole-Parmer Masterflex pump (Vernon Hills, IL) from 5 mmHg and 10-200 mmHg
in 10 mmHg increments, held to allow stress relaxation and imaged using a Canon Rebel XSi
digital camera, resolution 14.5 µm (Lake Success, NY). Vessels were tested across prescribed axial
stretches of 1.0, 1.1, 1.2, 1.3 and 1.4 mm/mm, where stretch is defined as current length divided by
initial length. Images of each loading configuration were matched with time, pressure data and the
outer diameter was measured optically using a custom written Matlab (MathWorks; Natick, MA)
image processing script. Following mechanical testing, arterial segments histological examination
as described below.
Three representative test samples of control and PI-IUGR carotid arteries were processed for
imaging. The test samples were fixed using 10% neutral buffered formalin, ethanol dehydrated,
and rehydrated using PBS. The test samples were dissected for imaging in the circumferential-axial
plane and imaged using second harmonic generation (SHG) imaging for collagen and elastin content.
The SHG imaging system consisted of a Zeiss LSM 510 instrument (Carl Zeiss Inc.; Germany)
equipped with a tunable pulsed two-photon infrared laser (Chameleon from Coherent Inc.; Santa
Clara, CA) and external non-descanned PMT detectors. The arterial samples were excited with
800 nm via a water immersion objective 40x, 1.4NA Plan-Apochromat (Carl Zeiss Inc.; Germany).
The response signal was split by a dichroic mirror 425 DCLP (Chroma Technologies; Rockingham
VT). The SHG collagen fluorescence was measured using a narrow band pass filter HQ400/20m-
2p (Chroma Technologies; Rockingham, VT) and elastin fluorescence with broad visible band
pass filter HQ575/250m-2p (Chroma Technologies; Rockingham, VT). Images were quantified for
collagen fiber oreintation using a custom written ImageJ analysis macro OrientationJ [119].
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4.3.2 Theoretical Framework
The arterial wall was modeled in the commercial finite element program Abaqus (6.10) as
single layer, fiber reinforced hyperelastic phenomenologic [47, 59]. The model assumes ideal elas-
tic behavior throughout the test, an isotropic ground matrix, symmetric fiber arrangement and
orientation, isochoric (isovolumetric) deformation, incompressibility and homogeneous vessel com-
position such that samples from different locations in the artery will have the same collagen and
elastin content, and similar mechanical behavior . The appropriate strain energy function is also
assumed to be:
Ψˆ = Ψˆisotropic + Ψˆorthotropic (4.1)
in which the first function Ψˆisotropic describes the ground substance and elastin dominant
portion of the vessel low load response while the second function, Ψˆorthotropic, accounts for collagen
fiber orientation and engagement at higher loads with the exponential increase in stiffness of the
material at high strains as collagen recruitment takes over the load response. Forms of the strain
energy functions are based on neo-Hookean and Fung models respectively.
The first term of equation 4.1, Ψˆisotropic, is a function of the first invariant of the right Cauchy-
Green, C, tensor and is based on the neo-Hooken model that is often employed in describing the
behavior of isotropic rubber-like materials. In two dimensions this term becomes
Ψˆisotropic =
c
2
(I1 − 3) , (4.2)
Iˆ1 = λ2z + λ
2
θ +
1
λ2zλ
2
θ
(4.3)
where I1 is the first invariant, c is a fitting constant, and λθ and λz are the stretches in the
circumferential and axial directions respectively. The definition of the first invariant derives from
the assumption that arterial soft tissue is isochoric, so that the material preserves volume under
deformation: λvol = 1 = λrλθλz, where λr is the stretch in the radial direction.This strain energy
function involves a single parameter and provides a mathematically simple model for the isotropic
non-linear deformation behavior of rubber-like materials. The constant c is related to the shear
modulus of the tissue.
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The second term equation 4.1, Ψˆorthotropic, describes the exponential increase in load as
collagen engagement begins, and the strain energy function is appropriately in exponential form:
Ψˆisotropic =
k1
k2
{
exp
[
k2
(
κIˆ1 + (1− 3κ) Iˆ4 − 1
)2]− 1} , (4.4)
Iˆ1 = λ2zsin
2γ + λ2θcos
2γ (4.5)
in which the constant k1 ≥ 0 is a stress-like parameter, k2 is dimensionless, κ describes the fiber
dispersion, and the collagen fiber angle, γ. The invariant I4 characterizes the constitutive response
of the fibers to mechanical loading.
4.3.3 Boundary Conditions
The inflation of the thin-walled tube with a thickness (H) and mean-radius (R) was considered
with no applied axial load and for an internal pressure, pi, with the associated boundary conditions
in the axial and circumferential directions, Figure 4.4 [47]:
fz = λz
∂Ψˆ
∂λz
− λz (λθR− (H/2λθλz))
2
2HR
pi = 0, (4.6)
fθ = λθ
∂Ψˆ
∂λθ
−
(
λ2θλzR
H
− 1
2
)
pi = 0, (4.7)
where fz and fθ denote the axial and circumferential functions. The strain energy function (Ψ) was
defined above with γ and κ describing the fiber orientation and c, k1 and k2 as fitting constants and
λz and λθ denote the axial and circumferential stretches, respectively. Equations 4.6 and 4.7 define
a system of nonlinear equations that can be solved numerically for a prescribed internal pressure
pi.
4.3.4 Numerical Fit
Fitting the material model to experimental data was achieved by optimizing the correspon-
dence between model predicted behavior and experimental behavior provided from the abovemen-
tioned pressure-diameter tests, by minimizing the stress-based nonlinear error function
ferror =
n∑
i=1
[
w1f
2
z + w2f
2
θ
]
(4.8)
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Table 4.1: Data fit coefficients using the anisotropic hyperelastic model of the carotid artery in
control and IUGR near-term fetuses.
Group c (kPa) k1 (kPa) k2 ! (Deg) "  
CON 3.85 26.7 3.52 49.9 0.289 
IUGR 5.56 22.4 9.11 16.6 0.221 
 
Table 1: Data fit coefficients using the anisotropic hyperelastic model of the 
carotid artery in control and IUGR near-term fetuses. 
!
where n is the number of experimental data points and the weighting factors are w1 and w2 .
Minimization was performed using the fminsearch procedure in Matlab 7.9 (The Mathworks, Natick,
MA) across a continuous spectrum of circumferential stretches and at five discrete axial stretches,
corresponding to the available experimental data. Constitutive parameters were found for across
alleach sets of data minimizing the error function, then averaged across experimental groups.
4.4 Results
4.4.1 Constitutive Model and Microstructure
The constitutive parameters c, k1, k2, γ and κ based upon the macroscopic mechanical re-
sponse are summarized in Table 4.4 for both control and PI-IUGR arteries. The PI-IUGR artery
shows increased isotropic and anisotropic contribution to the overall stiffening of the artery com-
pared to the control artery. Experimental data with the constitutive model fit for axial stretches
of 1.0, 1.2 and 1.4 are shown in Figure 4.4. The predicted fiber angle values, γ, as described by
the mechanics seem to be in relatively good agreement with the SHG image analysis with values
of 42.8o ± 6.3o for control arteries and 19.8o ± 7.0o for the PI-IUGR arteries, Figure 4.4. Observed
qualitative differences in the bundling of the collagen fibers were noted in the PI-IUGR arteries
with PI-IUGR arteries being more fibrillar driving the mechanics.
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Figure 4.1: Carotid artery modeled as an inflation of a single fiber reinforced thin-walled tube based
upon previous work of Gasser and Holzapfel [47]. Orientations of the collagen fibers are described
by a mean orientation, γ, and the fiber dispersion, κ.
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Figure 4.2: Experimental data for control (•) and PI-IUGR (◦) with experimental fit for control
(solid line) and PI-IUGR (dashed line).
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Figure 4.3: Experimental Second Harmonic Generation (SHG) image measurements showed 42.8o±
6.3o for control arteries and 19.8o±7.0o for the PI-IUGR arteries matching predicted values. Images
qualitatively showed control arteries formed collagen sheets while IUGR arteries formed collagen
bundles.
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4.4.2 Biomechanical Behavior
The control artery model exhibits a maximum von Mises stress of 52.3 kPa, Figure 4.5, and
increases 24.9% as pressure increases to previously shown mean blood pressure, 50.2 mmHg in
this sheep model of PI-IUGR [43]. Constitutive remodeling works to reduce arterial wall stress
by 27.8%, while geometric changes to accommodate relatively increased blood flow to the brain in
PI-IUGR increase stress by 69.7%. Therefore, while increased pressure and geometry contribute to
increased wall stress, constitutive remodeling through fiber orientation, γ, and fiber dispersion, κ,
reduce arterial wall stress.
The softer compliance of the control arteries allows similar morphologies for both arteries
at the respective mean blood pressures, Figure 4.5. However, as inflation pressures increase the
control arteries distend much more, storing more Windkessel energy and creating a larger volume,
an increase of 100% in the control versus the PI-IUGR at 200 mmHg. Finally, mean fiber orientation
(FIG 6), which changes to respond to stress, displays less response over a theoretical cardiac cycle
in the in PI-IUGR configuration .
4.5 Discussion
4.5.1 Major Findings
This study supports the hypothesis that changes in collagen fiber orientation is responsible
for vascular stiffening in the PI-IUGR fetal sheep. Both the macroscopic mechanics and microscopic
analysis show reorientation of collagen fibers, both angle (γ) and dispersion (κ) leads to the stiffening
of the carotid artery. Collagen fibers in the PI-IUGR fetus align preferentially and are more fixed
in the circumferential direction to accommodate the increased blood pressure as well as altered
geometry that accommodates flow. The model predicts that constitutive remodeling occurs in
response to increased blood pressure and geometric growth to reduce arterial wall stress in PI-
IUGR while reducing overall compliance of the artery.
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Figure 4.4: Von Mises stresses were determined for the control carotid artery at physiologic mean
blood pressure of 44.5 mmHg (a). The control artery was modeled at IUGR physiologic blood
pressure of 50.2 mmHg (b) increasing the wall stress. Altering the wall constitutive model reduced
stress (c) while an increase in geometry increases stress (d). The PI-IUGR artery (e) is remodeling
to reduce increased stresses due to increased pressure and geometry.
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Figure 4.5: At physiologic pressures of 44.5 mmHg for the control carotid artery (a) and 50.2 mmHg
for the PI-IUGR artery (b) the morphology becomes similar. As pressures increase to 200 mmHg,
the control artery (c) show larger displacement, or compliance, and morphology than the PI-IUGR
artery (d).
a)
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c) d)
44.5 mmHg 50.2 mmHg
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Figure 4.6: The initial fiber orientations for control carotid artery is 49.9o and the PI-IUGR artery
of 16.6o. The control artery (a) and the PI-IUGR artery (b) are stretched to physiologic length
(20%). After the axial stretch is applied, the control artery (c) and the PI-IUGR artery (d) inflated
to physiologic mean blood pressures of 44.5 mmHg and 50.2 mmHg respectively. The fiber angle
change (e) for the fiber orientation in the control (•) and PI-IUGR (◦) arteries. The PI-IUGR
arteries show a less responsive, more fixed, fiber orientation when introduced to stress.
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4.5.2 Clinical Relevance
This work aims to characterize fetal carotid arterial development, structure and mechanics of
the maternal disease of IUGR. Epidemiologic results strongly support the idea of gestation being a
highly sensitive developmental period with IUGR adversely affecting lifelong cardiovascular health
[6, 34, 86, 100, 149]. The major proteins contributing to arterial compliance, collagen and elastin,
are synthesized most rapidly during the fetal period [156, 161]. Arterial mechanics have been
characterized throughout the lifespan of sheep [160, 159, 161] and mice [23, 156] characterizing
changes in ECM constituents and mechanics relationships in normal development. Furthermore,
elastin insufficiency models in mice are characterized by an increased incidence of cardiovascular
disease with increased blood pressures and arterial stiffness [137, 155, 156]. Recent studies have
shown reduced elastin content in aorta of the hypoxic sheep fetus [148] and decreased elastin
content with increased stiffness in adulthood of the PI-IUGR guinea pig [146]. Decreased elastin
content of the systemic arteries is postulated to be the mechanism linking cardiovascular disease
in adulthood to human IUGR [94, 93, 104, 106, 124]. However, a definitive IUGR effect on fetal
arterial mechanics has never been shown. We demonstrated the mechanics of the tissue was driven
by collagen reorientation and the noted fibrillation an ECM component shown to alter the passive
pressure/diameter relation at higher pressure and induce a progressive stiffening of the arterial
wall[64]. Our work shows that collagen organization is also altered in the near-term sheep fetus
contributing to increased stiffness along with changes in elastin.
The mechanics of stiffening in the PI-IUGR carotid artery is driven by increased collagen
content and its remodeling of the orientation in the adventitia. Remodeling appears to preferentially
align fibers in the circumferential direction, decreasing the stretch at which collagen engagement
begins to carry load, stiffening arterial walls while reducing wall stress. Furthermore, remodeled
collagen may disrupt the elastin and collagen content of systemic vessels disturbing development
during neonatal and adolescent life as pressures and flows increase. Vascular stiffening has been
shown to be a predictor of the progression of CVD [85, 88, 133, 136] and may be an important
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factor in increasing the risk factor of CVD over the life of an IUGR infant. This study provides a
first glimpse into the reduced hyperelastic function driven by phenomenological circumferentially
oriented collagen.
4.5.3 Limitations
Several limitations in our model must be acknowledged. First, the arterial wall was modeled
as a single fiber reinforced hyperelastic layer while an artery is known to have three distinct layers
(intima, media and adventitia). The media in the PI-IUGR artery was shown to have less elastin
area than that of the control. While elastin remodeling is thought to be one of the mechanisms
contributing to stiffening, we were interested in quantifying the change in the observed adventitial
collagen in PI-IUGR. With a large portion of the mechanics being driven by the adventitial layer,
the model chosen was robust enough to account for both isotropic and anisotropic changes in all
the layers as a composite.
4.5.4 Future Work
Time course models characterizing vascular mechanics in altered pulsatility [20, 33, 61] and
pulmonary hypertension [71] exist, but none exists for a model of IUGR. Additional studies are
needed to understand the growth and development trajectory for the PI-IUGR sheep. Phenomeno-
logic models should be developed accounting for growth and development in individual layer re-
sponses as well as for elastin and collagen content contributions during growth and development.
Such a constitutive model has the ability to aid our clinical understanding of the relationship
between vessel stiffening and altered blood flow characteristics in growth and development.
4.5.5 Conclusions
While IUGR infants exhibit a higher incidence of CVD as adults, clinical studies have not
been able to elucidate the role of the increased stress in the intrauterine environment on the altered
physiology. This study suggests that the altered collagen fiber orientation in PI-IUGR leads to
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altered biomechanics, which would lead to altered hemodynamics. These results also support the
hypothesis that IUGR plays an important role in the increased onset of adult CVD [6, 86, 149].
Chapter 5
Determination of hyperelastic properties for umbilical artery in preeclampsia
from uniaxial extension tests
5.1 Abstract
Preeclampsia is a complication of pregnancy associated with altered hemodynamics in the
fetus and structurally remodeled umbilical arteries. We tested a hypothesis that preeclamptic (PE)
umbilical arteries had increased stiffness compared to control. Umbilical artery biomechanics were
tested uniaxially in axial and circumferential directions then modeled as a fiber reinforced hyperelas-
tic material from control (n=9) and PE (n=6) pregnancies. The PE arteries were stiffer than control
arteries at stresses 20-160 mmHg in the axial direction and 65-200 mmHg in the circumferential
direction (P<0.05). The PE umbilical arteries exhibited a 58% and 48% increase circumferential
moduli at the systolic and diastolic blood pressure respectively compared to the controls (P<0.05).
A hyperelastic model showed a drastic increase in both isotropic and anisotropic contribution in
the mechanical behavior. These changes correlated to a higher collagen fiber density in the PE
group with increased hyperelastic material parameters (P<0.05). These altered biomechanical and
structural changes provide a potential snapshot into systemic vasculature remodeling occurring in
the newborn.
5.2 Introduction
Maternal diseases of pregnancy have been found to detrimentally affect the fetal circulatory
system, with consequences lasting well into adulthood. In 1995, Barker introduced the idea that
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major disorders of adult life (including coronary heart disease, hypertension, stroke and diabetes)
arise not only through an interaction between factors in our lifestyle (such as a high-fat diet,
obesity, and smoking) and a genetically determined susceptibility, but also through development
in utero [6]. Epidemiological evidence continues to support the notion that adult cardiovascular
disease (CVD) has fetal origins [34, 86, 109, 110, 123, 130] with the environment in utero playing
an important role in phenotypic expression of vascular disease.
Adult CVD is characterized by increased stiffening of arteries. The extracellular matrix
(ECM) comprises the structural strength of the artery rapidly forms during late gestation and in
the newborn [16, 160, 159, 161]. Alterations in vascular formation in utero could directly impact
downstream adult cardiovascular health. Additionally, Burkhardt has shown the maternal disease
of intrauterine growth restriction (IUGR) plays a major role in human umbilical artery stiffness
[16]. However, to our knowledge no study of the human umbilical artery has been studied in
preeclampsia (PE), a maternal disease that affects 8% of pregnancies.
It is well established that preeclamptic fetuses develop altered umbilical cord hemodynamics,
morphology, and composition. Ex vivo measurements have shown that preeclamptic umbilical ar-
teries have reduced internal circumference, reduced transverse cross-sectional area, and reduced wall
mass [10]. Biochemical characterization has show that the PE umbilical artery contains decreased
levels of collagen degrading enzymes including matrix metalloproteinases: MMP-1 (collagenase 1),
MMP-2 (gelatinase A), MMP-3 (stromlysin 1), and MMP-9 (gelatinase B) [45]. The reduced avail-
ability of MMPs to degrade collagen may contribute to the altered collagen-elastin ratio observed in
preeclampsia along with increased amounts of sulfated proteoglycans concomitant with decreased
hyaluronic acid [3, 4, 45, 52, 50, 51, 53]. The collective pathologies of the umbilical cord structures
in PE may result from and/or contribute to altered hemodynamics.
The biomechanical changes to the umbilical artery associated with the altered structure in
preeclampsia have received little attention. As an extension of the fetal cardiovascular system,
studying the human umbilical arteries may provide a unique opportunity to understand the fetal
vasculature through vessels that branch directly from the iliac arteries. Study of the biomechanics
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of the umbilical artery provides an important characterization of the physiologic arterial function
in health and disease. The objective of this work was to assess that mechanical response of hu-
man umbilical arteries isolated from both normal and preeclamptic pregnancies. We hypothesize
that PE infants have increased umbilical artery stiffness compared to control infants and that the
biomechanical function can be related to the ECM structure through use of a phenomenologic
model.
5.3 Methods
Figure 5.1: Uniaxial strip test showing Holzapfel fiber families (a and a) based upon the axis of
the test. (Recreated from [46] ).
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5.3.1 Tissue Collection and Preparation
Umbilical cords were collected from consented subjects at the University of Colorado Hospital
(Aurora, CO; COMIRB 06-1159) and the Boulder Community Hospital (Boulder, CO; IRB 1007.16)
from control (n = 9) and preeclamptic patients (n = 6) without any other complications. The
research goals of this work are intended to examine only those subjects with PE. Therefore, only
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subjects with classical presentations were accepted into the study. Subjects with complicated
diagnoses, where two or more diseases or complications of pregnancy, were excluded from this
study. The umbilical arteries (UA) were isolated from the region of umbilical cord halfway between
the placental and fetal insertions avoiding any areas showing physical abnormality, and Whartons
Jelly was carefully removed by sharp dissection. . The UA was cut into successive circumferential
and axial test strips (N = 3 axial and 3 circumferential test specimens per artery). The specimen
initial gage length (lo), width (wo) and thickness (to) were measured prior to testing using digital
calipers.
5.3.2 Mechanical Testing
Uniaxial tests were performed within 72 hours of delivery using an MTS Insight II (MTS
Systems, Eden Prairie, MN) equipped with a 5-N load cell and environmental chamber filled with
calcium- and magnesium-free phosphate buffered saline (PBS, pH 7.4, 37oC). Uniaxial extension
was applied at a constant crosshead speed of 0.5 mm/s, executing 5 successive preconditioning
cycles to a prescribed elastin and collagen activation strain. The tensile force and specimen length
were continuously recorded (10 Hz, Testworks 4 software).
5.3.3 Histology
Test specimens were fixed in 10% neutral-buffered formalin. Representative samples (Control
N = 3 and PE N = 3) were paraffin embedded, sectioned and stained for collagen and elastin
using Elastic-Van Gieson (EVG) stain. Bright-field images were captured using Zeiss Axioskop
40FL (Carl Zeiss Inc.; Germany) at 40x equipped with a Nikon SPOT RT-900 camera (Nikon
Instruments; Melville, NY).
Three representative test samples of control and PE arteries were processed for second har-
monic generation (SHG) imaging. Test samples were fixed using 10% neutral buffered formalin,
ethanol dehydrated, and rehydrated using PBS. The SHG imaging system consisted of a Zeiss LSM
510 instrument (Carl Zeiss Inc.; Germany) equipped with a tunable pulsed two-photon infrared
78
laser (Chameleon from Coherent Inc.; Santa Clara, CA) and external non-descanned PMT detec-
tors. Previously tested arterial samples were excited with 800 nm via a water immersion objective
40x, 1.4NA Plan-Apochromat (Carl Zeiss Inc.; Germany). The response signal was split by a
dichroic mirror 425 DCLP (Chroma Technologies; Rockingham VT). SHG collagen fluorescence
was measured using a narrow band pass filter HQ400/20m-2p (Chroma Technologies; Rocking-
ham, VT) and elastin fluorescence with broad visible band pass filter HQ575/250m-2p (Chroma
Technologies; Rockingham, VT). Images were quantified for in ImageJ (NIH, Bethesda, MD) for
fiber area density by image threshold and collagen fiber orientation using a custom analysis macro
OrientationJ [119].
5.3.4 Data Analysis
The final loading cycle of the uniaxial preconditioned sample was analyzed. From the recorded
data, the Cauchy stress (σ) was calculated by dividing the measured force (F ) by the unstressed
area (Ao = initial width, wo, by initial thickness, to) and the stretch ratio (λ):
σ =
F
Aoλ
=
F
wotoλ
(5.1)
where the stretch ratio (λ) is the current length (l) divided by the initial length (lo). Stress-Stretch
data was fit using a 9th order polynomial. Significance of each coefficient was determined using
Linfield and Penny [115] method examining the Student’s t-ratio and variance-influencing factor
(V IF ) of the least squares fit. Data was interpolated at constant stresses to compare control and
preeclamptic groups. The elastic modulus (E) was calculated as the first derivative of the stress
(σ) over stretch (λ):
E =
dσ
dλ
(5.2)
and determined at stresses of at 52 mmHg and 42 mmHg, which correspond to the systolic and
diastolic pressures in the human umbilical artery [90]. Data was compared using an unpaired
Students t-test to examine significance at P < 0.05.
The artery was modeled as a single layer, hyperelastic material using a phenomenologic
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hyperelastic model developed by Holzapfel and Gasser [59]. The hyperelastic model characterizes
the material anisotropy present within the arterial structure by describing the contribution of
collagen fibers to the mechanical response. The orientations of two symmetric families of fibers are
defined in the reference, or initial, configuration through two unit vectors a and a, transposed with
an angle ±γ from the vessel axis assuming for simplicity there was no fiber distribution, Figure 5.3.
The strain energy function proposed is as follows [59]:
Ψˆ =
µ
2
(
Iˆ1 − 3
)
+
k1
2k2
∑
i=4,6
[
exp
(
k2
(
Iˆi − 1
)2)− 1] (5.3)
where Iˆ1 is the first invariant of C (Iˆ1 = tr(C)), the following two invariants are defined as Iˆ4 =
a·C·a and Iˆ6 = a’·C·a’, and µ, k1, k2, γ are material parameters (all positive values). The equation
describes the macroscopic response of the material to mechanical loading. In equation 5.3, the first
term represents a neo-Hookean isotropic response and describes the elastin and ground substance
response to loading. The remaining terms describe the anisotropic behavior of the material with
directions of the collagen fibers defined.
The previous hyperelastic model has no closed form solution for the Cauchy stress σ1 (stress in
the direction 1 with loading) and the related stretch λ1. Therefore the a straightforward derivation
based upon the work by Garcia-Herrera [46] was used to determine the material parameters. The
material response as determined by using uniaxial testing is governed by
σ1 = µ
(
λ21 −
1
λ21λ
2
2
)
+ 2
∂Ψˆ
∂Iˆ4
cos2 (γ − α) + 2∂Ψˆ
∂Iˆ6
cos2 (γ + α) (5.4)
σ2 = µ
(
λ22 −
1
λ21λ
2
2
)
+ 2
∂Ψˆ
∂Iˆ4
sin2 (γ − α) + 2∂Ψˆ
∂Iˆ6
sin2 (γ + α) = 0 (5.5)
where α denotes the sample orientation (α = 0o and 90o is axial and circumferential samples
respectively). The system of equations was fit using the methods previously described [46] to find
the material properties µ, k1, k2, and γ.
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Figure 5.2: EVG staining of preliminary tissue showed reduced number and articulation in elastin
fiber rings in PE (b) compared to the control (a) samples.
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Table 5.1: Patient group data.
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Figure 5.3: Mean experimental data curves with standard error of the means (SEM) for control
(•) and PE (◦) umbilical arteries. In the axial direction (a), the PE arteries are significantly stiffer
than controls at stresses from 2.7-21.3 kPa (20-160 mmHg) (P<0.05). The circumferential tests
(b) show the PE arteries significantly more stiff than control arteries for stresses 8.7-26.7 kPa
(65-200 mmHg) (P<0.05).
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5.4 Results
Maternal patients exhibited no other complications of pregnancy other than preeclampsia,
Table 5.4. Our data did show that PE patients tended to be older with a shorter gestational age, but
no significant difference was found. The APGAR score (backronym: Appearance, Pulse, Grimace,
Activity, Respiration) used as a simple and repeatable method to quickly assess the health of the
newborn showed no other complications at birth for the infants.
Preliminary EVG sections confirmed what previous research had shown: reduced collagen
to elastin content noted by a less pronounced staining for elastin in preeclamptic artery compared
to the normal arteries, Figure 5.4. This further motivated our study of the biomechanics of the
PE arteries. The umbilical artery exhibited an increased stiffness in PE infants compared to the
control infants as shown in the mean representative stress-strain plots for tests in the axial and
circumferential tests, Figure 5.4. PE arteries were significantly stiffer at equivalent stresses 2.7-21.3
kPa (20-160 mmHg) for the circumferential direction and 8.7-26.7 kPa (65-200 mmHg) (P < 0.05).
The moduli (mean± standard error of the mean) at systolic/diastolic pressures in the axial direction
were 178.9±8.6 kPa/ 139.9±7.3 kPa for control infants and 187.3±15.2 kPa/ 151.6±14.4 kPa for
PE infants with no significant change (P = 0.23/0.17). While in the circumferential direction, the
moduli were 171.0±6.7 kPa/ 139.5±6.4 kPa for control infants and 252.7±41.2 kPa/ 220.0±41.0
kPa for PE infants, which constitute a significant change (P < 0.05/0.05).
The constitutive parameters µ, k1, k2, and γ based upon the macroscopic mechanical response
are summarized in Table 5.5 for both control and PE arteries. The experimental mean data versus
the predicted response is shown in Figure 5.5. The predicted constitutive parameters demonstrate
consistent fiber orientation (γ) across groups, and an alteration in the isotropic (µ) and anisotropic
(k1) nature of the arteries. The SHG images confirm consistency in fiber angle (γ) of 45.1◦ ± 1.5◦
for control samples and 44.1◦ ± 0.7◦ for PE samples, Figure 5.5. However, the fiber density of PE
is higher than that of the control arteries indicating a higher concentration of collagen (CON =
69.9± 1% versus PE = 77.4± 0.9%, P < 0.05), Figure 5.5.
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Table 5.2: Data fit coefficients using the anisotropic hyperelastic model of the umbilical artery in
control (CON) and preeclamptic (PE) fetuses showing increased isotropic (µ) and anisotropic (k1)
contribution to stiffening..
Group µ  (kPa) k1 (kPa) k2 ! (Deg) 
CON 5.87 16.6 137.8 44.1 
PE 12.1 30.2 214.7 43.0 
 
Table 1: Data fit coefficients using the anisotropic hyperelastic model of the 
umbilical artery in control and preeclamptic fetuses. 
!
5.5 Discussion
Our results describe an increased stiffness of the umbilical artery with a structural increase
of collagen fiber density in the maternal disease of PE. The hyperelastic model describes the consti-
tutive biomechanical, macroscopic response of the PE umbilical demonstrates a remodeled ECM.
The hyperelastic model shows an increase in both the isotropic and anisotropic contribution to the
mechanics. Histology indicates this change in modulus occurs via a higher density of collagen found
in the artery as confirmed by SHG imaging. PE disrupts the collagen to elastin ratio in the um-
bilical artery increasing the overall stiffness. Our observed change in biomechanics in conjunction
with arterial structure remodeling may result from and contribute to altered hemodynamics.
Arterial stiffening in adolescents and adults has been shown to contribute to CVD leading
to high pulsatility indices, increased vascular resistance, and increased cardiac workload [85, 133,
136]. However, limited studies have examined the role of neonatal arterial stiffening as a potential
contributor to the development of CVD. In the absence of a large animal corollary of PE, the
umbilical artery provides a natural glimpse into the systemic vasculature of the newborn. Our
previous work has shown that the umbilical artery is a predictor of systemic vascular remodeling
with umbilical stiffening occurring concomitant with systemic carotid artery stiffening in a sheep
model of intrauterine growth restriction (IUGR). Therefore, infants whose mothers experience PE
may be predisposed to CVD.
Our research fits within a large body of literature that umbilical artery remodeling quantified
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Figure 5.4: The axial and circumferential moduli for control (•) and PE (◦) umbilical arteries
at the mean diastolic (42 mmHg/5.6 kPa) and systolic (52 mmHg/6.9 kPa) blood pressures
based upon previous measurements by Margolis [90]. The umbilical moduli are much higher in
the circumferential direction of the PE arteries compared to the control, which implies altered
biomechanical tissue behavior..
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Figure 5.5: Mean experimental data for control (•) and PE (◦) umbilical arteries with the hypere-
lastic model applied.
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Figure 5.6: Second harmonic generation imaging confirmed that fiber angles did not change between
groups with fiber angle (γ) of 45.1◦± 1.5◦ for control samples and 44.1◦± 0.7◦ for PE samples and
it in good agreement with the hyperelastic model. However, collagen quantity was increased in PE
compared to the control with an area density of fibers 77.4±0.9% in PE and 69.9±1.7% in control
arteries.
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through biochemical assays in PE leads to stiffening. Research by Galewska et al. has shown the PE
umbilical artery has decreased levels of collagen degrading enzymes including matrix metallopro-
teinases: MMP-1, MMP-2, MMP-3 and MMP-9 [45]. Our work shows a higher density of collagen
fibers within the axial-circumferential plane contributing to the anisotropic stiffening, where colla-
gen accumulation may result from diminished enzymatic activity. In addition, others have shown
increased amounts of sulfated proteoglyacans occur concomitant with decreased hyaluronic acid
[3, 4, 45, 52, 50, 51, 53]. The addition of proteoglycans and reduction in hyaluronic acid would
likely increase the isotropic stiffness seen in our constitutive hyperelastic model. Finally, the sig-
nificant increase in modulus in the circumferential direction agrees with altered hemodynamics
specifically increased pulsatility index, which are observed during routine clinical Doppler ultra-
sound assessment of PE [165].
Systemic development is signaled through important biomechanical stimuli with the arterial
system growing in response to alterations in biomechanical stimuli, which come from blood pressure
and flow. Compensatory changes in ECM composition in response to altered biomechanical stimuli
are fundamental in cardiovascular physiology and pathophysiology [33, 62]. Evidence continually
suggests that blood pressure should now be considered an important indicator of vascular remod-
eling [13, 132, 131] and may play a role in the vascular remodeling seen in PE fetuses. Altered
hemodynamics, increased shear stress and possible increased pressures due to placental vascular
resistance could play a critical role in altering the vascular development in the PE umbilical artery.
Several limitations of our study must be acknowledged. For this study of PE, human subjects
were used since they are the most clinically relevant study population. Therefore, no fetal blood
pressure or hemodynamics measurements were made in utero. However, many studies have charac-
terized the alteration of hemodynamics with PE though Doppler ultrasound. Doppler ultrasound
has shown that developed PE exhibited increased resistance with reduced velocity and volume flow
[57]. Additionally, PE umbilical artery flows demonstrate increased pulsatility indices [111]. These
routinely seen clinical reportings are consistent with arterial stiffening we observed. Likewise, no
quantitative biochemical assays were used to characterize the umbilical arteries. However, these
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too have been well characterized in literature showing decreased MMP activity, increased sulfated
proteoglycans and reduced hyaluronic acid [3, 4, 45, 52, 50, 51, 53]. The main purpose of this paper
was to describe their contribution to altered mechanics in the PE umbilical artery.
In conclusion, we have demonstrated stiffer umbilical arteries in PE infants compared with
control infants. This difference in arterial tissue function is due to a structure with higher concen-
tration of collagen fibers in the PE arteries and likely has a significant influence on in vivo function
and hemodynamics. This change with altered hemodynamics in PE may alter ECM content and
stiffness in the connecting systemic vessels. Therefore, increased arterial vessel stiffness may provide
a link between PE and cardiovascular disease later in life.
Chapter 6
Conclusions
6.1 Major Findings
This study shows that events that happen in utero, such as maternal stress, can contribute
to changes in arterial mechanics during development. Maternal placental insufficiency diseases (i.e.
preeclampsia and IUGR) alter the biomechanical properties of systemic arteries in the near-term
fetus. This change in biomechanics is a result of altered ECM composition and structure. In the
case of IUGR, the collagen to elastin ratio is disrupted. Elastic fiber formation is almost constant
between control and IUGR vessels as shown by a consistent elastin area in the histomorphology.
However, in IUGR increased collagen production reducing the effective elastin function and the
overall mechanical function. In addition, IUGR collagen is geometrically remodeled through fiber
reorientation to reduce wall stress and replicate the sensed mechanical environment for both prox-
imal and distal cells.
PE is a maternal complication unique to humans and has long been characterized by bio-
chemical assays in tissue from the umbilical cord. The umbilical artery has been characterized
with decreased collagen degrading enzymes (MMP-1, MMP-2, MMP-3, and MMP-9) [45] along
with increased amounts of sulfated proteoglycans concomitant with decreased hyaluronic acid
[3, 4, 45, 52, 50, 51, 53]. These changes are associated with increased collagen to elastin ratio
and arterial stiffening, but no assessment of biomechanical function had been studied. Study re-
sults showed that the changes in composition impart stiffening in the umbilical artery in PE.
This dissertation contains a series of studies that characterized the biomechanics and fiber
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orientation and quantity with placental insufficiency diseases in pregnancy. Both PE and IUGR
share the etiology of reduced collagen to elastin content remodeling to accommodate changes in
hemodynamics: increased pulsatility which creases increased wall shear stress and increased mean
blood pressures. Overall, the series of studies in this work presents novel findings of events in utero
altering vascular structure and function. Because vessel stiffness is a significant predictor in the
development of hypertension, disrupted ECM deposition in cases of placental insufficiency provides
a potential link between disease and adult hypertension.
6.2 Clinical Relevance
This study is one of the first to examine the role of maternal disease and its role in vascular
mechanical development during gestation. This work provides a shift in the traditional paradigm
that vascular disease is a product of genetics, lifestyle, high-fat diet, smoking and/or obesity. From
the work described herein, the results strongly suggest that events that occur in utero may also
play a role. This work illuminates that diseases such as PE and IUGR alter systemic vascular
composition. The ECM records vascular cell history with arteries maintaining homeostasis, thus
preserving an ideal wall stress in response to changes in mechanical stimuli. Angiogenesis may be
disrupted during a key period of formation during gestation which may set off a chain of events
leading to increased risks of CVD as the infant ages. Identifying the risk factors (such as remodeled
arteries and increased arterial stiffness) could be an important step in treating CVD in such patients.
The sheep model of IUGR confirms that changes in the umbilical artery may be used to reflect
changes in the systemic circulation, although mechanisms may be slightly different. The sheep
model showed similar results to Burkhardt [16] with increased stiffness in the IUGR umbilical
arteries due to reduced area fraction of elastin both in the human and sheep. This stiffening
also existed in the sheep carotid, but was due to increased collagen content in the adventitia.
Therefore, the umbilical artery can be used to study diseases where a sufficient animal model
is not available (i.e. preeclampsia). Additionally, these findings shifts our perception that only
genetics, environment and/or lifestyle after birth causes CVD. Events in utero may also play a
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key role, emphasizing the importance of maternal health during pregnancy. This work also adds
to growing evidence that vascular stiffness is a predictor of CVD, with ECM re-organization and
altered collagen to elastin ratio being a potential mechanism for developmental programming.
Additionally, this dissertation contributes to our knowledge of how arteries form during gestation
in response to disease and the disrupted biomechanical function.
6.3 Scope within the Existing Literature
Critical events of arterial development happen within a narrow window of gestation and
neonatal life [156, 161]. This dissertation shows this may be disrupted by maternal stresses. Pla-
cental development is reduced in PE [2, 10, 24, 68] and IUGR [8, 7, 43] setting off events which
remodel the proximal umbilical artery, the carotid in IUGR and possibly other systemic vessels
structure and function. Researchers have hypothesized altered collagen to elastin ratio in fetuses
where growth restriction occurs thus leading to permanent changes in compliance of these vessels
and predisposing an individual to CVD [94, 93, 104, 106, 124]. This dissertation’s results showed
reduced elastic reservoir and less elastin contribution and more collagen load carrying in the biome-
chanics within vessels from disease pregnancies consistent with this hypothesis. Therefore, this work
adds to a growing body of literature that shows the growth and development models of arterial
structure and function are important for characterizing diseases.
6.4 Future Studies
The work presented here showed that systemic vessels respond uniquely to changes in hemo-
dynamics in response to altered wall stresses the ECM remodels, Figure 6.4. However, the vessels
studied are limited in nature. On-going work shows changes in ECM proteins in the thoracic and
abdominal aortas of the PI-IUGR sheep concomitant with altered biomechanics in these arteries.
The more global changes found also raises questions about the pulmonary circulation in the PI-
IUGR sheep and how altered stresses (both shear and stretch) and systemic loading may contribute
to its formation. There remains uncertainty regarding exactly when abnormal arterial growth and
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Figure 6.1: Schematic of the stress signals caused by maternal diseases.
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remodeling begins within the embryo/fetus and the long-term consequences of vascular stiffening
in maternal diseases. Specifically, the stress signal pathways that cause remodeling in the IUGR
and PE animal are not understood and serve as a valuable basic science tool for the development
of drug therapies, Figure 6.4. More basic science research is needed to understand the treatment
for the prevention of maternal stress in the alteration of vascular structure and function for the
clinical setting. In addition, management of those predisposed to maternal stress during gestation
is required to minimize the risk of CVD. Therefore, the fetal origin of cardiovascular health and
disease requires a novel bench to bedside approach to improve clinical management.
6.5 Concluding Remarks
We demonstrated:
• Stiffer arteries exist in IUGR and PE infants compared to the control infants.
• The difference in arterial function is due to altered structure in both conditions.
Vascular stiffness has been previously shown to be an important predictor of CVD. Therefore, in-
creased vascular stiffness in the infant may provide a link between IUGR and PE and cardiovascular
disease later in life.
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